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INTRODUCTION 
1,1 GENERAL DISCUSSION 
This work was performed by General Electric Missile and Space Division's Isotope 
Power Systems Operation in partial fulfillment of Contract NAS3-10615, t'Vapor Cham- 
ber  Radiator Study," directed by NASA Lewis Research Center. The work was direc- 
ted to the Research and Development of a Brayton Cycle Vapor Chamber Fin Radiator, 
It is recognized that the heat rejection systems required for the relatively large space 
nuclear power plants required in the future comprise a significant portion of the total 
spacecraft weight and area. Thermal and structural efficiencies and performance 
variations of radiators can therefore influence overall spacecraft configurations, 
weight, payload and electrical power capability. Recently, General Electric com- 
pleted a study of a Separately Launched Power Module employing the Brayton cycle, 
under Contract NAS9-7444, for  NASA/MSC. This system shown in Figure 1-1 formed 
the basis for  the requirements of the Vapor Chamber Radiator Study and serves  to 
illustrate the role the radiator plays in serving a s  structure and shell for system com- 
ponents. The relative size of future radiators is even more dramatically illustraked 
by Figure 1-2, in the study of a Low Acceleration Space Transporktion System per- 
formed for NASA under Contract NAS8-11423. 
Obviously, a space radiator study of nuclear power systems such as the Brayton cycle 
power plant identified in this contract must involve evaluation and optimization tech- 
niques directed toward s a a a t o r  concepts wMch minimize size and weight parameters, 
Figure 1-1. Power Module Configuration 
'h 
MISSION MODULE 
I 
TELESCOPING BOOM 
MARS UCURSIBN MODULE 
MOUNTED ON REVERSE SIDE 
ELECTRIC "S"HRQI%"FBR A R R N S  
REACTOR AND 
'd /SHIELD 
W 
Figure  1-2, Eight MW Vehicle Ccncept Interplanetary Configuration 
1,2 
The pumose of this program Is to evaluate, identify and ddes~gvr a pron~isnng Brayton 
eyele vapor chamber radiator for future space missions, The radiztor must be cap- 
able of being tested in a one-g e n ~ r o n m e n t  and operated an zero gsadty. The heat 
0 0 
rejection temperature range from 20 F up to 350 F is investigated. Vapor chamber 
working fluids a r e  identified for use in  this temperature range, their thermal char- 
acteristics and material compatibilities a r e  determined, and preliminary radiator 
designs based on these characteristics a r e  prepared. A comparison evaluation is 
made with a conduction fin radiator designed to the same specifications. 
1.3 REPORT CONTENTS 
Section 2 of this report contains a summary of the work performed, results obtained 
and conclusions to be made. 
Radiator and power plant system specifications submitted by NASA Lewis were used 
a s  overall design criteria. These specifications provided the means of designing 
and subsequently evaluating both radiators in conformance to a single set  of require- 
ments. The requirements, specifications and study criteria used a r e  contained in 
Section 3. 
Section 4 describes the working fluid evaluation and. material compatibility tes t  pro- 
grams performed. The radiator design, based on the requirements identified in 
Section 3 and the fluid, material and capsule selections of Section 4, is described in  
Section 5. 
Section 6 presents the vapor chamber test  program where representative vapor cham- 
bers  were designed, fabricated and tested to evaluate and demonstrate performance 
compatible with reqdrements  of the radiator design and pre&cted analyses. 
The overall vapor chamber evaluation of results and conclusions a r e  contained in Sec- 
tion ?, An appen& is prodded which contains: ($) tabulated values of fluid properties, 
and (2) a. detailed description of the atmospheric en-d-sonmeretal criteria utilized, Ref 
erences  are tabulated in ordea of appehidtr~ce in Se~tioia 8, 
3 
SECTION 2 
SUMMARY 
2.1 INTRODUCTION 
This report  contains a description and results  of the work performed toward the identi- 
fication of a promising Brayton Cycle vapor chaniber fin (heat pipe) radiator. The 
specifications and requirements on which the radiator design is based were provided 
by NASA. A sumnlary of reference specifications is contained in Table 2-1. 
TABLE 2-1. BASIC REQUIREMENTS SUMMARY 
REFERENCE CONDITIONS AND SPECIFICATIONS FOR THE 
BRAYTON CYCLE VAPOR CHAMBER RADIATOR 
Thermal Eleat Rejection -------------- 12.39 liWt Pr imary,  2.19 1cWt Secondary 
0 Radiator Fluid Inlet Temperature ------ 2 8 8 ' ~  Pr imary,  118 F Secondary 
0 
Radiator Fluid Outlet Temperature ----- 64 F Pr imary and Secondary 
Effective Radiator Sink Temperature --- - I O ~ F  
Radiator Surface Thermal Elnissivity --- 0.85 
Radiator Fluid ....................... h w  Corning 200, 2 Centistokes a t  7 " i ' O ~  
Pr imary Fluid Pressure  Drop --------- 25 PSI maximum 
Reliability -------em--- - --.- - --- -- - - -- - 0.99 O r  0.999 for 5 years  011 Vapor 
Chambers and on Pr imary Fluid Loops 
Supported Load ....................... 6000 Pounds inclucting Heat Rejection System 
The reference Brayton cycle spaee powerpdarli uses a separate radiator loop wi th  a 
irea"cejection ol about 15 LiiWi,, A compac"tisreat exclramgea transfers waste h a t  froin 
the power conversion loop to a liquid coolant, This coolant is then cire-i~lated "&rough 
a radiator where the waste heat is rejected Lo space, This radiator is calked the 
primary radiator, In addition, an auxiliary circuit and radiator reject heat lost by 
cooling the powerplant electrical and other components. This radiator is called the 
secondary radiator. 
The general configuration visualized for these radiators is an a r ray  of tubes through 
which coolant flows and to which a r e  attached solid, conducting fins. It was anticipated 
that a significant reduction in radiator weight and area  might be achieved by using 
"vapor chamberu fins. 
This study consisted of both experimental and analytical efforts. These included: 
I, Vapor chamber fin fluid evaluation (compatibility testing, analytical per- 
formance predictions) 
2. Vapor chamber fin radiator design 
3, Cond~~ction fin radiator design 
4, Vapor chamber (heat pipe) tests 
5. Comparison of vapor chamber fin and conduction fin radiators. 
2 . 2  VAPOR CNAMBER FLUID EVALUATION AND SELECTION 
hitially,  a wide selection of fluids was considered for application in the vapor chamber 
fin radiator. These fluids, which a r e  listed in  Table 2-2 satisfy the following general 
criteria: 
0 0 1 Boiling point between !I F and 300 F (propane and ammonia a r e  exceptions) 
2, Poor pOfi-il less than 2 0 ' ~  (except water) 
3 ,  Latent heat of vaporization greater khan 100 BTli/lb (except several 
freons), 
TABLE 2-2, VAPOR CFAMBER 'CVORKITJG FLUIDS 
(Alkane Series) Methanol (Methyl 
Ammonia 
n- Butane Ethanol (Ethyl 
Sulfur Dioxj de n- Pentane 
n- Hexane Isopropanol 
n-Octane 
n-Nonane, etc. Methylamine 
Ethylamine 
Saturated Branched Acyclic Pyridine (CP-32) 
Isobutane, etc. 
Unsaturated Acyclic 
1-Butene, etc. Methyl Formate 
Saturated Monocyclic 
Cyclobutane, etc. Anisole 
Unsaturated Monocyclic 
Cyclobutene, etc. 
Freon F-11 
Monocyclic Aromatic 
Freon F-12 
Freon F-113, etc. 
From this group, a more  extensive screening process was undertaken in order  to 
select those fluids most likely to exhibit superior vapor chamber performance. Fig- 
u res  of meri t  which were used in this analytical comparison were a capillary flow 
parameter, a vapor flow parameter, vapor pressure  and thermal conductivity. On 
this basis, the thirteen fluids listed in Table 2-3 were chosen for compatibility 
testing with aluminum, 
TABLE 2-3, FLUIDS SELECTED FOR. COMPATIBELlTY TESTS W R H  ALUMINUM 
- -- 
Temperature Range 
n- Pentane 
Ethyl Alcohol 
Methyl Alcohol n- Butane 
The aluminum alloy, 6-61-T6, was selected for the vapor chamber on the basis of 
resistance to chemical corrosion, good mechanical strength, weldability and avail- 
ability. Capsules of this material were utilized in the fluid compatibility tests. 
Since the planned radiator lifetime is five years, compatibility testing was performed 
at higher temperatures than would be normally encountered so a s  to accelerate any 
corrosion processes. The actual test periods were only one percent of the mission 
requirements. 
On the basis of these tests, benzene, n-heptane, n-pentane, freon-11, freon-113, 
ammonia and n-bu.tane were judged to be compatible with 6061-T6 aluminum. The 
remaining fluids were found to be unacceptable for use with aluminum in the temperature 
ranges of interest. Water, which was known to be incompatible with aluminum, was 
tested in a 321 stainless steel capsule, however, appreciable amounts of hydrogen were 
generated. 
On the basis of the analytical investigation and the compatibility testing, the following 
fluids were selected a s  prime candidates for subsequent performance testing: 
s300F benzene, 1%-hepearre, a-pentane 
20' to 1 5 0 ' ~  ammonia, n-butane 
2 . 3  VAPOR CmMBER FIN U D N T O R  DESIGN 
The next phase of the study concentrated on the conceptual design of a load bearing 
radiator. The major ground rules affecting the radiator design were: 
1. Atlas-Centaur launch vehicle 
0 
2. Earth orbital mission (sink temperature = -10 F) 
3. Redundant primary fluid loops (two independent loops) 
4. Aluminum radiator construction 
5. Primary fluid - Dow Corning 200 (Silicone liquid) 
Although it was feasible to provide a circular radiator configuration by orienting the 
chambers longitudinally o r  circumferentially, a hexagonal shape was chosen. This 
design, shown in Figure 2-1, eliminates the fabrication problem imposed by curved 
vapor chambers and effectively utilizes the structural rigidity of the primary ducts 
to support the power system during launch. 
The use of DC-200, a stable, non-corrosive, but relatively poor heat transfer fluid, 
required finned fluid ducts to improve the energy transfer to the vapor chamber 
evaporator sections. The vapor chamber design (see Figure 2-1, View B) consisted 
of a cylindrical tube attached to the underside of the radiating surface. This config- 
uration formed a rigid panel in  which the vapor chambers received meteoroid "bumper" 
protection from the hexagonal shell. This design approach resulted in reduced 
meteoroid a rmor  r e N r e m e n t s  and an overall reduction in radiator weight a t  the 
Mgher meteoroid nonpenetrztion probabilities, 
V A W R  CHAMBER RADIATOR 
DESIGN CWARWCTERlSTICS SUMMARY 
V I E W  A 
--
SECTION SHOW lNG STAGGERED 
VAPOR CHAMBERS 
I 
INTERMEDIATE 
STRENGTHENING 
SECONDARY 
RADIATOR 
SECTION"C-~'(ENLARGED) 
CROSS SECTION OF  
PRIMARY DUCT SHOWING 
VAPOR CHAMBER & FINNED 
DC-200 FLOW PASSAGES 
PRIMARY VIEW B 
RADlATOR 
DIA. ACROSS FLATS 
99.40 IN. 
1 10.00 IN* 
MAX ENVELOPE DIA. 
SECTION OF VAPOR CHAMBER 
SHOWING BUMPER FIN OFFSET 
FROM CHAMBER CONFIGURATION 
CROSS SECTION OF  VAPOR CHAMBER 
SHOWING CONDENSING WICK 
CONFlEURAPlON 
Figure 2- 1, Vapor Chamber Radiator Design C'rrarackrS st ies Sa~mmary, 
In order to provide a rel'erenee point for the vapor chamber fin radiator evalnatien, a 
condtxction fin radiator was d e s i ~ e d ,  Initial e o ~ e e p t s  utilizing a eonventioml round 
tube conduction fin radiator resulted irr excessive ra&ater  areas,  This was a direct 
result of the radiator system conditions,and the physical properties of the DC-200 
coolant. The combined effects of a large fluid axial A T ,  low radiating heat flux and 
low fluid heat transfer coefficient resulted in laminar film drops a s  high a s  1 0 0 ~ ~  with 
the round tube design. 
Accordingly, the conduction fin design underwent a major alteration to the rectangular 
finned geometry shown in Figure 2-2. The offset tube/fin arrangement again takes 
advantage of the meteoroid "bumper" protection provided by the conduction fin. While 
more difficult to design and fabricate than the round tube radiator, this concept is on 
a more comparable level of sophistication with the vapor chamber fin design. 
2.5 
The objectives of this phase of the program were to: 
1. Demonstrate the fabrication of the vapor chamber as defined in previous 
studies. 
2. Demonstrate the operation of the vapor chamber using the most promising 
candidate fluids. 
3. Obtain performance data so a s  to verify the radiator design results a s  
predicted by the analytical analyses. 
0 In the low temperature range, below 150 F, ammonia and water were tested, while 
0 0 
n-pentane and benzene were tested between 150 and 300 F. The vapor chambers 
were 30 inches in length, with 0,500 inch OD by 0.035 inch wall. Five vapor chambers 
were tested; each fluid was tested with a "c" shaped wick. All heat pipes were tested 
in the horizontal a s  well as the tilted position. Ammonia and water exhibited excellent 
capillary pumping capability, but the benzene and n-pentane could be tilted only to  a 
marginal degree. The "cu s"mped wick appeared to o f  e r  a superior return flow pas- 
sage for  the benzene, 
CCt4DUCYION FIN RADIATOR 
:SIGN C H A R A C T E R I S T I C  SUMMARY 
SECONDARY 
RADIATOR 
VIEW A I 
SECTION SHOWING COOLANT DUCT 
AND MANIFOLD CONNECTION 
VIEW B 
-
I I I 11 PRIMARY 
SECTION SHOWING STIFFENING 
RlNG AND COOLANT DUCT 
L D I A M E T E R  , l o  IN. RING 
CROSS SECTION 6F FINNED 
CWLANT DUCT 
Figure 2-2. Conduction Fin Ra&ator Design Characteristics Summary 
All four ilulds deillonstrated excellent thermal eharaete-/.istizs with amurrorxia and water 
ha-ring the 'lowcst c;raporadivs snd condcosjfig terfiperatuu~s eikops, Since wzter i s  in- 
compatible with a9ivrninurn, arnmolaia was judged to be the opti~mlurn fluid in "ce low 
terriperaiure regime; n-pemane was selected a s  the fluid for the h ~ g h  temperature 
section. 
2.6 RADIATOR EVALUATION AND COMPARISON 
The comparison between the vapor chamber fin and conduction fin radiators was based 
on the weight, a rea  requirements and fabrication considerations for each concept. 
The radiator weight included both the primary and secondary heat rejection systems 
for a Brayton cycle power system a s  well a s  associated structural menlbers. 
The weight evaluation for the vapor chamber fin and conduction fin radiators was per- 
formed with digital computer optimization codes. Area constraints, with appropriate 
weight penalties, were factored into the analysis. Each of these codes modeled the 
respective design concepts in detail; included in this analysis were heat transfer,  
fluid flow and meteoroid protection considerations. Structural requirements were 
determined by means of a computer code designed to analyze the properties of a load 
bearing, stiffened cylindrical shell. The structural investigation indicated that the 
conduction fin radiator was a more suitable load bearing structure than the vapor 
chamber fin radiator. However, in either case the weight of additional stiffening 
material  required is l e s s  than the weight required for a separate load bearing structure. 
A comparison of radiator weight and a rea  is shown in Table 2-4 and Figure 2-3 for 
meteoroid survival probabilities of 0.99 and 0.999. The vapor chamber fin radiator 
shows a distinct weight advantage at the higher meteoroid survival probability. 
Neither radiator exMbited a large fabrication advantage over the other. The fluid 
passages specified in the conduction fin radiator consist of very thin fins and narrow 
nuid passages, maMng their fabrication &Bicult, Can&&te methods of the duet fin 
TARLE 2-4. COMPARISON OF MDI-ATOR WEIGIIT AND AREA 
Vapor Chamber Radiator 
(n-Pentane and Ammonia) 
Conduction Fin Radiator 
Survival Probability 0.99 
Vapor Chamber Radiator 
(n-Pentane and Ammonia) 
Conduction Fin Radiator 
x M I N I M U M  W E I G H T  
RADIATORS 
F'igxre 2-3, Courparison of Vapor Chamher F in  to Gol~duetion Fir? 
PI-imary 1tachato1-s 
Cabricztion would be chemical milling, machined slots or a corrugated sheet, The 
vapor ehanlbee* fin radiacsr also utilizes finned primary fluid duets, however, a de- 
parture from the op"cimzrm fin t l r icbess  and spacing is not a s  critical a s  in the csn- 
duetion fin radiator, Fabdcation of the vapor chambers and subsequent thermal inter- 
facing of the evaporator sections with the primary fluid ducts will also require special 
methods and close quality control procedures. 
2.7 CONCLUSIONS 
A vapor chamber fin radiator concept has been evaluated and compared with a conduc- 
tion fin radiator for the Brayton cycle space powerplant specified in Table 2-1. The 
following conclusions have been reached: 
1. Of the fluids tested, ammonia is the best working fluid for vapor chambers 
operating a t  temperatures below 1 5 0 ~ ~ .  
2. At operating temperatures above 150°F, water is the best working fluid 
on the basis of performance calculations. However, since water is 
incompatible with aluminum and a liner was not considered, n-pentane 
was selected a s  the working fluid in this temperature range. 
3. The vapor chamber radiator weight is insensitive to the meteoroid sur- 
vival probability when compared to the influence of this parameter on the 
conduction fin radiator weight. 
4. The specific weight for both radiator types ranges between 1.0 and 1.5 
lbs/ft2. 
5. Both radiators were calculated to be about equal in weight and a rea  at  a 
survival probability of 0.998. At higher probabilities, the vapor chamber 
radiator seems to be lighter and smaller, while a t  lower probabilities the 
conduction fin radiator is lighter and smaller. However, the differences 
in  weight and area a r e  less  than 20 percent over the range of probabilities 
from 0.990 to 0.999. 
RADMTOR REQUIREMENTS 
3 ,1  GENERAL DISCUSSION 
The Brayton cycle powerplant, under developn~ent a t  NASA Lewis Research Center, 
transfers waste heat from the gaseous working fluid to a liquid coolant, herein called 
the primary radiator fluid, The primary radiator fluid is then pumped to the radiator 
to dissipate the waste heat to space. Presently, the radiator is conceived to be an 
a r r ay  of tubes through which the primary fluid flows and to which a r e  attached solid, 
conducting fins (conduction fin radiator). This array may be cylindrical o r  flat in 
shape, Heat may be radiated from either both sides o r  from one side only. An alum- 
inum alloy would be employed. 
It was considered possible that significant radiator weight and/or area  reduction could 
be achieved through the use of "vapor chamber" fins. This concept transfers the 
waste heat from the primary radiator fluid to the radiating surfaces under nearly 
isothermal conditions by the evaporation and condensing of a second fluid. Recircu- 
lation of this second fluid is accomplished by capillary forces. 
Since the vapor chamber radiator i s  evaluated as an alternate to the conduction fin 
design, i t  must be competitive in all categories significant for evaluation. These 
include: reliability, performance, fabrication and operation, It is difficult to formu- 
late a single figure-of-merit function appropriate for comparison on a combination of 
the above categories, Consequently, the vapor chamber radiator must compete favor- 
ably on all counts, The approach to be used is to match the reliability, operations 
and powerplant reqjirements and make the comparison on the performance parameters 
yiel&ng mass and ra&ator area characteristics, 
The requiremenks and criteria for Ihe design8 comparison and selection of the radiator 
sysknis  are  presented 
3,2  
Both radiator system concepts associated with the Brayton cycle powerplant have the 
following characteristics a s  listed in Table 3-1. These requirements were specified 
by NASA Lewis and a r e  considered representative of current Brayton cycle concepts. 
3 . 3  PERFORMANCE CRITERIA 
The major criteria for comparative evaluation of the vapor chamber fin with the con- 
ducting fin is radiator mass and a rea  while maintaining the equivalent reliability and 
operational characteristics. 
The radiator mass  is comprised of the vapor chamber fins plus the primary fluid cir-  
cuit and structure. The vapor chamber mass  includes container, meteoroid armor,  
wick, fluid inventory and any conducting fin a s  provided. The primary fleud circuit 
and structure can also represent a sizable mass; it is comprised of container, extended 
heat transfer surfaces, fluid inventory, meteoroid a rmor  and support structure. 
In order to reduce the radiator a rea  the temperature drop between the primary fluid 
and radiating surfaces must be minimized. These temperature drops occur in the 
following elements: 
1. Primary radiator fluid boundary layer 
2, Primary radiator fluid wall to evaporator 
3 .  Evaporator liquid to vapor interface 
4. Vapor flow passage 
5, Condenses liquid layer 
6, Condenser wall 
9, Radiator fiii s"Lruct-are 
'Z'A BLE 3-1, REVERENCE CONfZ?TLONS AKD SPZCIF~CL~TIONS FOR TiIE BTU?IyTOT\T 
CYCLE VAPOR GHAiVlBER MWLATOR 
'Thermal Heat Rejection - Primary Radiator 12,39 kWt (6 kWe) 
Secondary Radiator 2.19 kWt 
Radiator Fluid - Primary and Secondary Dow Corning 200 
2 Centistokes a t  7 7 ' ~  
Radiator Fluid Flow Rate - Primary 6.9 lb/min 
Secondary 5.64 lb/inin 
Radiator Fluid Inlet Temp. - Primary 2 8 8 ' ~  ( 3 2 0 ' ~  peak) 
Secondary 1 1 8 ' ~  (150°F peak) 
"Radiator Fluid Outlet Temp. - Primary 
Effective Radiator Sink Temperature 
Radiator Thermal Emissivity 1 0.85 
Radiator Surface Solar Absorptivity 1 0.25 
Radiator Survival Probability (1 of 2 loops 
for 5 years) 
Radiator Structural Material 
Radiator Supported Load 
0.99 and 0.999 
(5 years)  
Aluminum Alloy 6061-T6 
5000 lb plus 1000 lb for radiator 
Radiator Diameter - Primary 
Secondary 
9 feet (max dimension dependent 
on shroud) 
Radiator /~ayload Shroud OAO 115 in. ID noin. across  
flats 110 in. ID 
0 
"Sufficient vapor chamber fin redundancy is to be provided for maintaining 64 F rad- 
iator primary fluid after 5 years of operation with a probability of 0.99 and 0,999 in  
each of two evaluations. 
The ra&atsr  optimization process involves the minimization of these temperature losses 
without ine~jrring sigrifi cant m a s s  penalties" The ra&ator deabp  was  optimized on a 
system weight parameter which includes: radiator weight, additional launch vehicle 
structural weight an6 interface penalties for excessive area, and ad&leer,al power- 
plant weight due to the heat rejection loop parasitic power requirements. Fo r  pur- 
poses of performing this optimization a performance parameter, equivalent mass,  was 
utilized. This equivalent mass  is the following: 
where 
(W equiv. ) = Zquivalent mass 
(W actual ) = Actual Radiator Mass 
( A ~ ~ ~ .  ) = Effective Radiator Area 
(K) = Tradeoff factor - pounds of additional structural and auxiliary weight 
per  square foot of radiator area 
PW = radiator loop electrical pump work requirements (kWe) 
SW = system powerplant weight per kWe 
This equation provides a reasonable approach to achieve the proper compromise be- 
tween minimal radiator weight and area,  within the system constraint. The trade- 
off factor, K, can be used in the parametric evaluation of radiator characteristics. 
For  the nominal radiator optimization, a radiator mass/area tradeoff factor of 0 to 5 
2 lb/ft was used. For  presentation of results, the actual mass  and areas  were used. 
3-4 VAPORCmMBERR --- MrORMLNG FLUID CRITERIA. 
The f i rs t  study task is &rected at the identification of vapor chamber working fluids 
and their range of operating temperatures suitable for use in Brayton cycle radiators 
0 0 dissipating heat at  temperatures between 20 and 350 F. The criteria established for 
the selection of candidate fluids consider life expectancy, performance and operational 
factors. The working fluid characteristics and critical parameters considered desir- 
able a r e  listed in Table 3-2. A more detailed discussion of these parameters and 
their influence on the vapor chamber performance is included in Section 4. 
TABLE 3-2. WORKING FLUID PERFORMAKCE PARAMETERS 
Evaporative Heat Transfer (high) 
e Vapor Pressure (moderate) 
Vapor Flow Parameter -pv X (high) 
e Pv - Vapor Density (high) 
e X - Heat of Vaporization (high) 
Condensing Heat Transfer (high) 
e Liquid Thermal Conductivity (high) 
e Good Wettability with Wick & Containment Vessel 
c p X  (high) Capillary Pumping Parameter - -E 
s a - Liquid Surface Tension (high) 
@ P - Liquid Density (high) 
63 X - Heat of Vaporization (high) 
@ P - Liquid Viscosity (low) 
Fluid Freezing Point (low) 
Thermal Stability (high) 
Radiation Stability (high) 
Chemical Inertness with Containment ~essel /Wick (high) 
3 , 5  LIFE EXPECTANCY CONSIDERATIONS 
The reliability requirements specified for the vapor chamber radiator, reference Table 
3-1, a r e  the following: 
I ,  Sufficient vapor chamber redtlnhncy is do be provideci for maintaining 
64'~ radintor priruta i-y fl?*id afler j i ve  years of c?p)evsatforl w i th  e prebe- 
bil-ity of 0.99 and 0,999 in each of two evaluations, 
2 ,  Proteetion of the primary radiztor fluid circuit is to be based oil the 
probability that a t  least one of two independent primary radiator fluid 
loops will survive the threat of meteoroid damage after five years  of 
operation for manned missions a t  0.99 and 0.999 in each of two cases. 
The five-year life requirement places an increased emphasis on the long life design 
and reliability of the system. A number of critical design features of importance 
a r e  discussed below. 
A potential advantage of employing vapor chambers in a radiator is that the vulnerable 
area of the primary radiator fluid loop can be substantially reduced. In turn, this re- 
duces the meteoroid a rmor  requirements. The individual vapor chambers a r e  also 
vulnerable to failure by meteoroid puncture; the failure of one, however, i s  indepen- 
dent of the failure of any other par ts  of the radiator. Tradeoffs of redundancy of com- 
ponents o r  panels versus distribution of additional meteoroid a rmor  a r e  required to 
provide best performance within the five-year life expectancy criteria. 
Meteoroid criteria used in the study is contained in Subsection 3 . 6 .  
A second failure mechanism to be considered i s  residual gas buildup within the vapor 
chamber which reduces the working volume and useful radiating surface area.  Gases 
can be generated by any of the following processes: 
1. Thermal decomposition of the working fluid 
2, Radiation decomposition of the working fluid 
3 .  Outgassing of the containment structure 
4. Chemical reaction of fluid with wick and containment vessel. 
The chemical reaction between the working fluid and the vapor chamber o r  wick causes 
corrosion. Some corrosion is expected to occur over the five year period, but i t  i s  
clesirecl that this pl~enomenaa be self- limiting wrh@re the c o r r o s i o ~ ~  layer becomes a 
harrier inLiibiLing fuTSlher. corrosion, Unilhibited eorroslon will eventually violace the 
integrity of the vapor chamber and cause Leakage of the working fluid, The r e q ~ r e m e n t  
f ~ r  the five year space ?ppTicziion is that: corrosion does not cause leakage nor shotrkd 
the residual gas buildup be significant so a s  to reduce operational performance below 
specifications. The proper selection and sizing of materials and fluids a r e  required. 
Additional design considerations involving the structural integrity of the chamber 
include : 
1. Radiation damage causing reformation of chamber grain structure 
2. Locked in s t resses  caused by improper annealing 
3. Unaccounted for vapor pressures  at  design operating conditions. 
3.6 METEOROID CRITERIA 
The meteoroid criteria used in this study reflected current recommendations of N A N  
Lewis a t  that tinze. The meteoroid environment assumed is the Whipple 1963A flux 
density model (Ref. 1) with an average meteoroid velocity of 20 km/sec and a meteoroid 
density of 0e5g/cc, Many of the previous radiator studies a t  GE-SD assumed an average 
velocity of 30 km/sec and a meteoroid density of 0.44g/cc. The estimates specified 
for this study result in a 22 percent reduction in armor thickness. The use of estimates 
of near Earth environment may be conservative for an outward interplanetary probe 
mission, since the flux i s  generally considered to decrease with heliocentric distance. 
Loeffler, Lieblein and Clough (Ref, 2), suggest a flux density decreasing a t  the rate  
(R)-'* 5, where R is the heliocentric distance. If the flux is integrated between Earth 
-1.5 
and Jupiter, assuming a constant velocity and an (R) relation, the average flux 
is only 29 percent of the near Earth flux, However, the flux intensities in the asteroid 
belt and near Jupiter a r e  anomalous, possibly comparable in  intensity to the near Earth 
environment. Estimates of the flux in  traversing the asteroid belt vary by an order of 
magnitude on either side of the near Earth endronment, and the near Jupiter endron-  
ment i s  a s  yet uneqlored. A study of Jupiter fly-by missions (Ref 3) assumes a 
Jupiter e n ~ r o n m e a t  hree times more severe than Earth's. Volkoff, (Ref, 4) estimates 
a protee"con r e q ~ r e m e n t  ratio relative to near Earth of 0,432 for a Jupiter orbit mis- 
sion based ipn a time integrated env3renment- In the a b ~ e n c ~  i;f reliable experimental 
data, the more conservative estimates of near Earth environment a r e  used in this 
study, The damage criteria used in determining meteoroid protection requirements 
is that proposed by Loeffler (Ref. 2), 
where 
t = required a rmor  thickness in  inches 
a 
K -  0.231 in. 1/3cm1/2ft- 7/61b1/2 gm - 1  sec 2/3 
a = damage thickness factor 
Y = materials cratering coefficient 
3 
P = meteoroid density in grn/cm (0.5) P 
= armor  material density in lb/ft 3 Pt 
V = meteoroid velocity in feet per  second (65,500) 
= Young1 s Modulus of Elasticitv a t  operating temperature in  lb/in 2 t 
a - 5.3 x 10-l1 
n 
ftL - day 
A z = vulnerable (external surface) a rea  of a rmor  in ft 
v. 
T = mission time in days 
P(o) = design probability of no critical damage 
The constants a and y vary from material to material and with damage mode. The 
cratering coefficient y for a wide range of materials has been determined experimen- 
tally. Summarized in  Table 3-3 a r e  values of the cratering coefficient determined 
0 for various aluminum alloys a t  room temperature and 900 F (Ref, 5) 
The damage thickness factors for incipient dimple, spall, and perforation have been 
determined for unlined aluminum tubes. 
Unlined tube investigations of 2024-T6 aluminum have shown the effect of the magni- 
tude of tube inside diameter on inner surface dimple, spall and perforation. Accord- 
ing to Reference 5, it was found that in  general, a slight decrease in  a (damage thick- 
ness) factor was observed with a decrease in  tube ID, Summarized in  Table 3-4 a r e  
values of the incipient damage thickness factors determined for 2024-T6 aluminum 
0 
a t  room temperature and 700 F. 
TABLE 3-4. INCIPIENT DAMAGE FACTOR, a ,  FOR 2024-T6 ALUMINUM 
The damage factors given do not represent values sufficient to prevent damage. An 
increase in  these values is necessary to prevent the occurrence of the chosen damage. 
3 ,  '1 - STEZUCTUTWL C R I T E R a  
- 
Tlie referenee ialr~etb vehicle lo be uti l izeci v7ith the Brayton cycle rardjator in  th is  
study i s  the Atlas Centaur employing an Orbiting- Astronolv.ieaI Observatory Satellite 
shroud, The 19-foot diameter Centaur stage and sbroucl allows a noininal 9-foot 
diameter cylindrical radiator with no allowance for heat rejection through the ends of 
the cylinder. 
The supported load of the radiator i s  specified to be 6,000 pounds. The spacecraft 
weight i s  based on an  allowance of 1,000 pounds for the radiator and 5,000 pounds of 
equipment mounted above and supported by the upper radiator interface. 
The n~axinlunl oads occurring on the radiator will result from launch conditions. 
During launch, maxinluin "q a" and maximum axial acceleration conditions exist. 
Maximum bending loads occur when the product of dynamic pressure and angle of 
attack "qatl reach a maximum, and the maximum axial loads occur at  the instant of 
f i rs t  stage engine cut-off. If the launch structure were designed to an axial load con- 
dition only, an unrealistic result would be obtained, since i t  i s  obvious that the struc- 
ture must also have some lateral stiffness. A difficulty a r i ses  in attempting to 
specify a realistic load condition for lateral stiffness since i t  is lmown that static 
lateral accelerations during launch a r e  generally low. One approach i s  to design to an  
artificial but conservative condition such a s  12 g axial combined with 5 g lateral,  
This approach may be reasonable for small payloads, but excessively conservative and 
possibly prohibitive for a payload whose size and mass a r e  no longer insignificant 
compared with the launch vehicle. The load factors must decrease a s  the payload size 
increases,  a s  evidenced by the trend shown in Figure 3-1, 
Based on existing Atlas Centaur data, (Ref. 6) the maximum axial acceleration loads 
a r e  6,2 g axial and 0.3 g lateral. Maximum lateral acceleration conditions a r e  2.3 g 
axial and 1.56 g lateral. These conditions a r e  to be utilized in the study along with 
the additional environlnental rewirenlents which follow, 
B- JUPITER C - EXPLORER 
D= JUNE I I  EXPLORER V - 
PIONEER III - 1V 
E= ATLAS ABLE 
F= ATLAS - HUST 
G= CENTAUR 
W= SATURN I 
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Figure 3-1. Trend in Launch Vehicle Dynamic Loads 
3.8 STRUCTURAL ENVIRONMENTAL CRITERIA 
The requirements for the vapor chamber radiator relating to the environment include 
the phases of ground handling, launch, and orbital operations. The vapor chamber 
radiator and conduction fin radiator shall be designed to withstand the anticipated en- 
vironmental conditions a s  specified in Reference 7, and defined below, without mal- 
function o r  performance degradation. 
3.8.1 GROUND HANDLING CRITERIA 
3.8.1.1 
The vapor chamber shall be capable of operating in a one-g environment for purposes 
of establishing ground test  performance prediction. Consideration should be given to 
devising a vapor chamber fin and radiator geometry capable of operating in any 
orientation in one-g a s  well a s  zero-g, The penalty for accomplishing this should 
be detern~ined, With this r eq~ remen t ,  one area of potential disadvankge relative 
to the eonduetion fin radiahr  will  be eliminated, and the operational i1exiklili"Ly 
be enhanced, 
3,8,1,2 Manufacture 
Wall thickness shall be sufficient to withstand normally expected tooling limits and 
handling techniques a s  well a s  transportation. 
3.8.1.3 Size 
Geometric dimensions of the vapor chamber and wick shall be realistically selected to 
satisfy fabrication techniques. 
3.8.2 LAUNCH, LIFT-OFF, BOOST CRITERIA 
3.8.2.1 Shock, Acceleration, Vibration, Acoustic Noise 
The subsystem and components whether operating o r  not shall be capable of withstand- 
ing without performance impairment the following simultaneous launch loads applied 
a t  their mounting points and in the directions and magnitudes specified: 
Shock -- Twenty g shock along each of three mutually perpendicular axes. a0 -
The wave shape shall be a half-sine-pulse of 10 millisecond time duration. 
b. Vibration - Sinusoidal input applied a t  the mounting points along each of three 
mutually perpendicular axes. 
5 to 33 cps at 0.14 inch double amplitude displacement 
33 to 140 cps a t  8.0 gvs  peak 
140 to 240 cps at 0.008 inch double amplitude displacement 
240 to 2000 cps at 15.0 gvs  peak 
c. Acceleration --- Six g's acceleration for five minutes along the longitudinal 
axis of the launch vehicle. 
Three g's acceleration in the opposite direction, 
Two g's acceleration in both directions along mutually perpendicular axes in 
the plane normal to the longib~di~al  xis. 
The negzttive longitudinal and lateral acceierations are caused by low-frequency 
(1 to It: GPS) oseil?aticns which last a few e e e ~ ~ d s ,  
d, Acoustic Noise - The subsystems and components shall be capable of wi~starnd- 
ing the induced vibrations while subjected to aii scoustiz r ,~ i se  field with an 
integrated level of 152 db, at  a reference level of 0.0002 microbar for a 
period not less than five minutes, with a distribution a s  shown in Figure 3-2. 
3.8.2.2 Explosive Atmosphere 
The subsystems and components shall be designed to minimize the hazard of fire, ex- 
plosion and toxicity to the launch area personnel and facilities. The hazards to be 
avoided include accumulation o r  leakage of conlbustible gases, the hazard of spark o r  
ignition source, including static discharge and toxicity due to spillage of system fluids. 
Applicable equipment shall be designed and fabricated to pass the explosive atmos- 
phere test a s  specified in MIL-STD-810A (USAF), dated June 23, 1964, Method 511.1, 
Explosive Atmosphere. 
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Figure 3-2, Acoustic Noise Frequency Speetri~rn 
3 - 8 - 3  ORBITRZ, OPERATION CRITERU 
The subsystems and components shall be designed to be capable of start, shutdotm~, 
restar t ,  and colltinuous operation a t  rated power in the natural space environment for  
earth orbits of from 300 to 20,000 nautical miles without malfunction o r  degradation 
for a period of five years. Space Environment Criteria Guidelines for Use in  Space 
Vehicle Development (1965 Revision), NASA TM X-53273, dated May 27, 1965, shall 
be used as the space environment criteria reference. 
The subsystems and components shall be capable of withstanding up to 3 g's shock 
(course correction) having a half-sine pulse of 10 millisecond duration on each of three 
mutually perpendicular axes. 
3.8.3.2 Vibration 
The subsystems and co.mponents while operating o r  not operating shall withstand vibra- 
tions in  orbit of 0.25 g peak over a frequency range of 5 to 2000 cps for a time period 
of five minutes for  each occurrence. 
3.8.3.3 Acceleration 
3.8.3.3.1 Short Duration 
The subsystems and components shall withstand accelerations of 3.5 g in one direction 
along the lift-off axis, and plus o r  minus 1 g in al l  directions in the plane normal to 
the lift-off axis. These accelerations will be withstood individually for a period of 
five minutes maximum for each occurrence. 
3.8.3.3.2 Sustained 
The subsystems and components will also be required Lo be capable of withstanding a 
continuous, unidirectional acceleration arising from a 4 rprn st;in rate  of the space- 
craft, The g loading on the system components will be a hnction of their radial 
loead3our with respect to the spin axis, 
3-9 A_TMOSpI(ERI;C ENVTRONMENTAL C-tdITERtA 
'The vapor chamber and conduction ;tin ramatox s shall be cirsig~~ed co wji11sLctiid thc 
adicipated atmospheric environmental eo~zditions a s  speegred 111 Appendix EZ. The 
scope of this  study does not allow f o r  specific desigx details rrtri~zrng sagnifieal~t 
portions of this specification and therefore its detailed definition has been included in 
Appendix B of this report. 
SECTION 4 
W 0 R K m G  FLUD SELECTION 
4 , l  GENEEAL DISCUSSION 
4.1. 1 SPECIFIC WORK REQUmEMENTS 
The first program goal was to identify suitable working fluids for the vapor chamber 
and to determine their range of operating temperatures. Those fluids considered were 
to be suitable for use in Brayton cycle radiators which dissipate heat at temperatures 
0 0 between 20 F and 350 F. General requirements for these fluids include: 
1. High thermal conductivity, heat of vaporization and surface tension. 
2. Good wettability with aluminum alloys. 
3, Moderate vapor pressures. 
4. Low freezing point and viscosity. 
5, Thermd stability and inert chemically with aluminum alloys. 
Estimates were made of the relative weights and areas of radiators employing the can- 
didate worlcing fluids. Based on these results plus evidence of thermal stability arad 
corrosion resistance with aluminum alloys, the best two combinations of working 
fluids were selected for use in the single vapor chamber fin experiment. This work 
is described in the subsequent sections. 
The approach formdated at the hceptiors of the study to select the working fluid for the 
vapor chamber Six was: 
1. Compile physic& properties of emdidate working fluids. 
2, Perform an  a ~ d y t i e d  eompttrati-cie evdrza"cion of these fluids, 
Vapor chamber principles were reviewed (Paragraph 4.1.2), and l$kely fluids were 
surveyed. A list of fluid properkies is contained in Appendix A. Fluids which ex- 
hibited desirable characteristics (see Subsection 4.2) were selected as candidates. 
An analytical model for a vapor chamber fin design was formulated to perform a com- 
parative evaluation of fluids (see Subsection 4.3). Compatibility tests were performed 
in parallel with the fluid evaluation using heated refluxing capsules to determine any 
possible gas generation o r  corrosion which would make the fluid unsuitable (see Sub- 
section 4.4). Based on this comprehensive investigation, fluids were selected for the 
vapor chamber fin which offer the best performance potential for the Brayton cycle 
application. 
4.1.2 VAPOR CHAMBER FLN PRINCIPLES 
The vapor chamber fin is a sealed duct enclosing a two-phase (vapor-liquid) worlting 
fluid. Heat is applied to the outside wall of the duct at one end, and heat is removed 
from the outside wall over most of the length of the duct om one o r  two sides. The heat 
transfer is accomplished internally through the actions of boiling and condensing of the 
working fluid on the heated and cooled sections of the duct wall, and through counter- 
current mass flows of vapor and liquid within the duct, Desiga requirements for low 
temperature drop and stable heat transfer in this device include: 
1. Effective distribution of liquid in a thin film over the heat input surface, and 
evaporative heat flux within stable limits for the fluid, 
2, Maintenance of a steady, stable reflux stream of liq~ud, adequate to support 
the vaporization. 
3, Vapor velocity sdficienWy low to avoid e n t r ~ m e n t  0-6 r e f l u a g  condensate in 
the e ~ ~ t e r e u - s r e n t  vapor flow md d s o  stlffieiently low to avoid f low insta- 
bilities associated with compressibility and other dynamic effects, 
4, Free access of condensbg vapor to the cooled wd'k. so a s  to "mivbinzize kher-mal 
sesista~ree to corrdensia~g heat trmsfel:. 
The fluid djmamic~ of vapor cbzmber fa- nperr"ron Ere hdieated schem~t icd ly  in Fig- 
ure 4-1. Liquid is vaporized in the evaporative surface capillary structure. &I the 
process of vaporization, a pressure r ise occurs across the curved surface film inter- 
face between the liquid and vapor phases. The energy required to move the mass 
flow of vapor across the interface against the evaporative surface film pressure dif- 
ferential is supplied by the heat input. It is this energy which sustains the circulation 
of vapor and liquid within the duct. The effective radius of curvature of the evapora- 
tive surface film interface is necessarily smaller than that of the condensing interface, 
in order that a net driving pressure differential be maintained. As vapor flow takes 
place down the length of the duct away from the evaporation surface, the velocity is 
diffused as a result of condensation on the side walls. In this diffusion a r i se  in static 
pressure occurs, although this r ise i s  reduced by the effects of wall friction. The 
refluxing liquid flow takes place in the opposite direction to the vapor stream within a 
suitable capillary structure. To sustain this flow against the frictional drag of the re- 
fluxing capillary duct, a pressure gradient is required along the length of this capillary. 
Since at any axial station the vapor stream and liquid stream static pressures are  in 
general different, a curvature of the vapor-liquid interface between the liquid and vapor 
streams is required. 
The flow phenomena in a heat pipe can be approximated to be one dimensional. For any 
axial position in the condenser the vapor velocity can be evaluated from the following 
expression 
This assumes a uniform duct cross section and a uniform distribution of condensing 
heat ti-aisfer dong the leiigtl? of the duct, V , the vapor velocity at tlie evaporator/ 4 
condenser hterfaee, can he expressed in terms of the total heat transfer, &, the heat 
of vai30rizatisn~ h , and the vapor density? p z 
V 

where A is the vapor flow cross-seetiom, 
'"J 
The differential momentum flow equation for the vapor flow, with wall friction is 
where L is the vapor fin length, 
D is the hydraulic diameter, 
f i s  the friction factor. 
In almost all cases of engineering interest, including the presently considered applica- 
tion, p may be treated as constant along the pipe length. When Equation (4-3) is inte- 
v 
grated, the pressure distribution along the vapor stream is found to be like that shown 
in Figure 4-1. The integrated equation is: 
Substituting x = L the pressure difference between ends is  obtained: 
If a refluxing capillary structure i s  provided which has a length L, an effective inter- 
layer spacing of d, and a total effective flow passage width W (including all layers), 
the pressure drop of the liquid flow in this capillary structure is given by: 
(The 1/3 factor acesu~ts lor the linear variation of  return Quid veloci.ty dong the fin 
Iengtihe j 
For l a m h a  ho-dimensional flow beheen layers 
V can be expressed in terms of the total heat transfer Q, W, d, and the heat of 
1 
vaporization h. 
3 
In equation (4-9) the parameter L / W ~  is a function only of the refluxing capillary 
geometry. 
To maintain the mass Bow circdation needed to support the heat transfer Q, the net 
pressure r ise in the evaporative wick structure attached to the heating surface i s  
approximately e p d  to the viscous drag pressure drop in the condenser wick. The 
difference between these differentid pressures is the pressure r ise in the vapor 
stream. 
For zero gravity operation, if the viscous drag resistance of the evaporative surface 
capillary flow strmckure is small compared to the drag resistance of the rePluxirsg 
capi9lary, the main effect of the evaporative capillary structure upon the liquid flow 
will be to raise the fluid pressure. This r ise occurs at the phase interface. If the 
effective radius of curvature of the evaporative interface surface film is r and athe b 
surface tension of the 8uid this pressure r ise is given by 
2 o /rb = AP (evaporative interfacej 
Subject to the ssumption of neglecting the vapor phase pressure drop, the over& 
vapor chamber pressure baJmee eqatfon i s :  
Equation (4-11) can be rearranged as follows: 
Equation (4-12) expresses the total heat transfer in terms of the product of three para- 
meters : 
This is a function only of the working 
fluid properties. 
This is a function of the reflux capillary 
structure geometry. 
This is a function of the evaporative 
surface capillary structure geometry. 
4.2 PHYSICAL PROPERTIES OF WORKING FLUIDS 
4.2,1 FLUID REQUIREMENTS 
A variety of physical, chemical, an6 thermodynamic properties of a particular working 
fluid must be considered in determining whether o r  not that fluid is suitable for the 
vapor chamber fin. The vapor pressure at a particular temperature is an important 
property. Low vapor pressure could limit the evaporative heat flux and necessitate 
excessive vapor velocity for a given heat flux. High vapor pressures are  thus desir- 
able to minimize the temperature difference between the evaporative and condensing 
sections. On the other hand, if increased wall  thicknesses a r e  required to accom- 
modate the high internal pressure, an overall radiator weight increase may result. 
The latent heat of vaporization is a~ impor ta~ t  faxtor for vapor cha-mbers r e w i r b g  
high heat f l ues ,  A high latent heat of vaporiza~on reduces the mass of Biuid to be 
pumped througI1 the wick and vapor passages. 911e unusudy  hi.& laten"ceat of 
vaporiz&ior% of water 1na41:es it attractive for operation jn the kemperabre range of 
toler&le vapor pressures. 
The temperature limits for operation of a vapor chayfiber with a partietilar fluid are 
determined by the melting point of the fluid on the low temperature side. The upper 
temperature limit is generally due to a reduced surface tension o r  excessive vapor 
pressures. 
The capillary pumping ability of the working fluid is best described by the parameter 
. The highest performance of a vapor chamber is thus obtained with a fluid with 
P 
high surface tension, high liquid density, high latent heat of vaporization and low vis- 
cosity. In addition, however, the capillary pumping ability is also dependent on wet- 
ting of the capillary material by the fluid. Lf the fluid does not wet the capillary 
0 
material (that is,  if the contact angle is greater than 90 ), no pumping will occur. In 
general, however, most fluids will wet most solids provided the fluid is  pure and the 
solid surface clean. In fact, in certain operations, the ability of water to wet a metal 
surface is taken as a measure of the cleanliness of the surface. 
One important requirement of the working fluid will be the necessity for virtually com- 
plete absence of any corrosion or thermal degradation in the heat pipe for the life of 
the radiator. In contrast to most corrosion problems, the structural integrity of the 
tube wall is  not the primary consideration. Rather, it is the quantity of noncondensa- 
ble gas generated in the thermal decomposition o r  corrosion reaction that must be 
avoided, since such gas collects in the condensing region and effectively prevents the 
flow of working fluid vapor into this region. 
4.2.2 DENTIFICATION OF CANDDATE FLUIDS 
On the basis of the fluid requirements discussed in the previous section, a large num- 
ber of fluids have been screened for potentid application in a vapor chamber radiator 
0 
operathg between 20 m d  350 F and constructed of an aluminum alloy, The pertinent 
properties of candidate fluids are listed LII Table 4-4. A eoxnpiete compUatlon sf 
physicsd properties for these fluids I"s presel~ted inAppendix A. The list i s  arranged 
is% the ordie1 of hereasing krollhlg po21ls. The general criteria for the selection of 
fluids were: 
0 1. Boiling point between 0 and 300 F (propane and ammonia are exceptions) 
0 2. Pour point less than 20 IF (except water) 
3. Latent heat of vaporization greater than 100 B T U / ~ ~  (except several Freons) 
Along with the physical properties, Table 4-1 also lists the toxicity and flammability 
of the candidate fluids. While these properties might not be of primary concern, it 
is certainly well to consider what possible complications to experimental apparatus 
would be involved in the handling of noxious o r  extremely flammable fluids. As a 
general rule, a fluid with maximum allowable concentration rating of 25 ppm or  less  
represents a serious health hazard, especially if systemic effects are possible and 
the liquid is volatile at normal room temperature. Similarly, propane and normal 
butane have low flammability limits in air ,  and since they are normally in the gaseous 
state, they represent a definite fire hazard. 
Note that, in Table 4-1, ammonia, water, and the alcohols have high latent heat and 
high surface tension; this combination of properties is quite favorable for vapor cham- 
ber fluids operating at high heat fluxes. 
Corrosion and thermal stability entries are  based on the best available information 
in the literature, but these are tentative ratings. Actual evaluation of corrosion and 
thermal stability will be the subject of careful investigation on this program, as dis- 
cussed in a subsequent section. 
TABLE 4-1. PERTINENT PROPERTIES O F  POTENTIAL WORKlNG FLUIDS FOR A 
VAPOR CHAMBER OPERATING IN THE 20 TO 350'1" RANGE* 
1 ilrti,yi A I C O ~ O I  
Ethyl Alcohol 
lsopropyl Alcohol 
n-ilephne 
Psia 
P ressu re  
CH, CH20H / 173 1 -174.1 1 367.7 I 18 1 927 
*Fluids a r c  arranged in order  of increasing boiling point. 
NOTES: 
657 5 PPM 1.81 - 12.4% 
678 
565 None 0.83% - . . . A A 
1. Toxicity column shows maximum allowable concentration in a i r  for  8-hour exposure 
2. Flammability column shows flammability limits in a i r  by volume. EXPL denotes explosion limits (by volume) in air 
3. l 'enbtive thermal  stability and corrosion ratings with Al:  A - excellent, B- good, C - f a i r ,  D - poor 
4 . 2 , 3  PRELIMmARY FLUID PERFORMANCE ANAILYSB 
Four processes ;Izire ikwslved in the eirudation of worKfng fluid in a vapor chamber 
which result in net heat trarrsfer from the heated end to the radiating end. These pro- 
cesses are: 
1. Evaporation of the fluid, at the heat input surface 
2. Flow of vapor through the tube to the surface cooled by radiation 
3. Condensation of the vapor at the surface cooled by radiation 
4. Capillary pumping of the condensate back to the heated surface and distribu- 
tion on the heated surface. 
Any one (or more) of these processes may make up the principal thermal resistance at 
typical low rates of heat flux. However, i t  is unlikely that condensation is a limiting 
mechanism in the present application due to the inherent efficiency of this process and 
the relatively large area available for condensation. 
In the following discussion, a comparison is made of the calculated performance of 
selected fluids chosen from Table 4-1. These fluids were selected primarily on the 
basis of their expected high performance and partly on the basis of readily available 
fluid properties. The performance parameters are  evaluated at temperatures corres- 
ponding to vapor pressures between 1 and 300 psia. These limits do not, of course, 
represent absolute cut-off points but rather represent the range of probable application 
of the fluid. The fluids may be conveniently grouped into three categories; namely, 
1. The relatively low boiling point refrigerant fluids (ammonia, n-butane and 
propane) 
2. Mid-range boiling fluids (Freon 113, methyl alcohol, ethyl alcohol and water) 
which could possibly prove useful over nearly the entire temperature range 
3, The relatively high boiling point fluids (pyridine and xylene) which could pro- 
vide lower vapor pressures and thus lower stresses on the tube at temperatures 
0 
above 300 F, where deterioration in strength of diluminum alloys becomes 
rather appreciable* 
4 -2 -3 .1  
As  described in Paragraph 4.1.2 (Equation 4-12), the capillary pumping performance of 
fluids may be compared on the basis of a parameter, gc OPp where is the surface ten- 
P 
sion of the fluid, p the liquid density, h the heat of vaporization, and yl the liquid vis- a 
cosity. This parameter is a function only of the working fluid properties. In Figure 
4-2, the capillary flow parameter is plotted against temperature for the selected fluids 
0 between 20 and 350 F. A rather arbitrary vapor pressure cutoff has been imposed also; 
namely, 1 psia on the low temperature side and 300 psia on the high pressure side. It 
is interesting to note that each curve contains a rather broad maximum near the normal 
boiling point of the particular fluid. The increase in the capillary flow parameter on 
the low temperature side of the boiling point is due to the increase in surface tension 
with temperature with relatively small changes in the other physical properties in- 
volved in this parameter. The decrease in the parameter on the high temperature side 
of the maximum occurs when the decrease in latent heat, liquid density and surface 
tension is more rapid than the decrease in viscosity. The parameter, of course, de- 
creases to zero at the critical temperature where both the latent heat and surface 
tension become zero. In Figure 4-2, the superiority of water, ammonia and methyl 
alcohol in terms of capillary pumping in this temperature range is apparent. 
As vapor chamber fluid temperature increases, the heat rejection capacity of the con- 
denser section also increases according to the Stephan-Boltzmann relationship for 
radiant heat transfer. A greater demand is thus placed upon the capillary forces to 
return more condensate to the evaporator. Dividing the parameter 1 p og  /P by 
4 4 a c 
o B  (Tf - T ), where the radiating temperature T is assumed to be the condensing S f 
temperature and T the sink temperature, a dimensionless parameter is obtained. S 
This parameter, shown in Figure 4-3, can be regarded as a figure of -merit for the con- 
d e ~ s e r  operztion for each Eluid which must be large enough to match the evaporator 
eapabi%i@ of the vapor chamber, 
Figure 4-2, Capillary Flow Parameters vs Temperahre for 
Vapor Chamber Worlihirrg Fluids 
TEMPERATURE, O F  
Figure 4-3. Dimensiodess CapiJ6largr Flow Parameter vs 
Tennperah~re for Various Fiirlcis 
4,2,3,2 
Y 1 l l ~ e  problem of excess d h e r ~ i d  resisd;aur,ce due $9 vapor flow may be generdb avoided 
by m ~ m i z b g  the vapor velocitgi for a given beak flux, In an earlier seetion, the vapol* 
.;ekoci@ the e - ~ ~ p o ~ ~ t w s  surface -m-= s h ~ - m ~  to be hlverseb y-roy-ortio~d ttu fne pro-. 
duct p A ,  where p is the vapor density. The vapor flow parameter p h is plotted 
v v v 
against temperature in Figure 4-4. Note that by maximizing this parameter, the vapor 
velocity i s  minimized. In Figure 4-4, the high and low temperature cutoff points again 
correspond to vapor pressures of 1 and 300 psia. It can be shown from the ideal gas 
law that vapor density is  directly related tovapor pressure. Therefore, maximizing 
p A generally means selecting a fluid with a high vapor density (and vapor pressure) 
v 
at the temperature of interest. 
4.2.3.3 
The fundamental limitation on heat transfer by boiling is the critical heat flux. Con- 
siderable information is  available on the values of critical heat fluxes for various fluids 
under a variety of operating conditions. The values of the critical heat flux for a num- 
ber of organic liquids boiling at pressures up to 95 percent of the critical pressure 
were correlated by Cichelli and Bonilla (Ref. 8) by plotting the critical heat flux ( q / ~ )  
C 
divided by the critical pressure as ordinate versus reduced pressure as absisca (Fig- 
ure 4-5). This is a convenient basis for comparison of the various fluids since it in- 
volves only the vapor pressure and critical pressure. A similar comparison is made 
for the fluids under consideration in Figure 4-6, where the critical heat flux ( B T U / ~ ~  
2 ft ) is  plotted against temperature for vapor pressures in the range 1 to 300 psia. In 
Figure 4-5, the maximum in the curves reflects the maximum in the correlation which 
occurs at a reduced pressure of 0.35. It is  estimated that the water and ammonia 
curves maximize at very high critical heat fluxes due to their very high critical 
pressures. 
4.2.3.4 
In Figure 4-7, the vapor pressures of the fluids are plotted against temperabre for 
vapor pressures in the r a g e  from I to 300 psia. The genera% similarity bet~veen this 
curve and 5'jgxre 4-4 i s  obl~ous ,  

~tu/hr - f t2  80 
psi 
R E D U C E D  P R E S S U R E ,  P/P= 
AT = (AT)= 
R E D U C E D  P R E S S U R E ,  PIP= 
Figure 4-5. Cichelli and Bonilla Correlation 
4.2.3.5 
The working fluid in the vapor chamber must have predictable properties to insure the 
continuous transfer and dissipation of waste heat by the systems radiator. 
The effects of radiation on these fluids must be ascertained and subsequently taken into 
consideration during materials selection and radiator design in order to insure the suc- 
cessful performance of the system throughout the intended mission. The effects of 
ionizing radiation on liquids generally results in decomposition of the liquid with gaseous 
liberation and variations in their viscous properties. 
Although eqerimental data is lacking for the majority of candidate working fluids, data 
is avslable concemhg radiolysis of a r n m o ~ a  nd freon which indicates that the thres- 
hold for simifica-nt deeomposit~on (0-5 rnol %) of these liquids may occur ad an absorbed 
6 7 dose of approximately 10 -10 Rad, 
TEMPERATURE, "F 
Figure 4-6, Critical Heat Flux vs 'rempetmaivre for Various Fluids 
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In addition to the dose received from the esa~rolzment, klze radio isotope source may 
this dose can be effectively controlled by the spachg be be ex^ the radioactive source 
arzd f i e  radiator, Previous Brayton cycle smdles (Rei, 11) show that separations of 
10 feet are adequate to limit the dose to the order of 100 Rad/yr gamma radiation and 
11 2 10 neutrons per cm . These doses are not expected to represent a significant pro- 
blem. 
4.2.4 COMPATIBILITY OF CANDIDATE WORKING FLUIDS WITH ALUMINUM 
The criteria for the selection of the best suited aluminum alloy to be used with the 
vapor chamber is  shown in Table 4-2. Aluminum is a very reactive metal. Its resis- 
tance to corrosion and chemical attack is due to a thin film of aluminum oxide, A1 0 2 3' 
which forms on the surface immediately upon exposure to the atmospher. Such films 
are normally 30 to 100 Angstroms thick. A potential difference exists across this 
film because the metal is positive and the outer surface of the oxide is  negative. This 
potential difference is due to the great tendency for electrons to be transferred from 
aluminum atoms to oxygen atoms, as indicated by the very negative free energy of 
formation of Al 0 that is, -150 k c d  per gram-atom of oxygen. Once established, 2 3; 
this potential difference results in an extremely high electric intensity within the film 
due to the fact that it is so thin. The electric intensity is, in fact, high enough to cause 
migration of Al'3 ions through the film, m them available for reaction with oxygen 
at the A2 0 - air interface. The film thus grows in thickness until the electric intensity 2 3 4-3 
within it is  no longer high enough to cause A1 ion migration. 
The film may be increased in thickness by applying an externd potential difference by 
immersing the aluminum in, an aqueous solution and making the aluniinum the anode. 
The thickness is directly proportional to the applied potential at a given temperature 
and current densiQ, 
TABLE 4-2, CRITERIA FOR SELECTION OF ALUMmUM AALI,OYS 
Chemicd Compakibfii@ With Work-irsg Fluid 
- NO gas generation 
- NegligiKle corrosion 
- Workivbg fluid selection is quite limited 
Mechanical Strength 
- 50,000 hour life at 300 '~  
- 1% creep strength of at least 4,000 psi 
Weldability 
- All commercial alloys considered weld- 
able by tungsten-electrode, inert-gas 
technique 
- Leak tightness required 
Availability 
- Many alloys limited in small quantities 
The A1 0 film is not a simple structure. It consists of several layers. The layer 2 3 
adjacent to the aluminum is composed or" an amorphous alumina; the outer layer is 
crystalline in nature. l?urthermore, the film has a honeycomb structure composed of 
adjacent pores with their axes perpendicular to the surface. 
According to MacLenna, McMillan, and Greenblatt, (Ref. 10) the amorphous film ad- 
jacent to the aluminum is the most protective layer, and the outer crystalline layer is 
less resistant to attack; it is the rate of conversion of the amorphous form to the crys- 
talline form which controls the rate of corrosion. They also found that nickel and iron 
alloying elements act cathodically and result in the formation of the amorphous barrier 
film during the early stages of the process. This most protective layer reaches its 
maximum resistance during the first 10 to 12  hours of exposure, and after this the 
corrosion rate is controlled by the conversion of amorphous alumina to crystalline 
alumina, a relatively slow process. During this early stage, the corrosion rates of 
pure aluminum and the corrosion resistant alloys are essentially the same. After 
this, the self-heding effects of the nickel and iron inclusions give the alloy a much 
greater resistmce to attack, 
The resista~"callloys shdied by MaeLeman. eta d, (Elef 10) were two experirnenkd 
alloys developed by Atomic Xmaergy ob. Gmada, LtcL 'I'he compos~tlon oi these dloys 
is given below: 
Draley and Ruther (Ref. 11) found the same sort of protective behavior for an alloy pro- 
duced by the addition of 1 percent nickel to the commercial pure aluminum, 1100. This 
alloy is now known as X8001. These investigators also found that coupling pure alumi- 
num (1100) with nickel markedly reduced the corrosion rate in high temperature water. 
Small additions (50 ppm) of easily reducible cations, such as cobalt, cadmium, and 
nickel to the water, also provided protection to corrosion by high temperature water 
0 (570 F). These metals are characterized by a low hydrogen over-voltage. 
0 The water temperatures involved in the above investigations were above 500 F. In all 
cases, it was noted that corrosion proceeded normally for the resultant alloys during 
the first stages of exposure (12 to 24 hours), then decreased to very low rates. At  the 
much lower temperatures indicated for the vapor chamber radiator under considera- 
tion, one may anticipate still lower corrosion rates and consequently much lower hydro- 
gen production. Such alloys should therefore be investigated as possible materials of 
0 
construction. It is apparent that preconditioning with 350 F water for several days 
before final closure of the tubes would be desirable. 
The corrosion resistance of aluminum to materials other than water is generally very 
good and has resulted in the use of aluminum in the handling of many substances. Here 
again, this reactive metdl depends upon its alumba surface film for its resistance to 
chemical attack, and any materid which degrades or removes this film may result in 
increased corrosion, 
1,iq~liCls have been selected on the basis of their physical md thermal properties as 
eandiclates fo r  use in vapor chamber radiators, These licplris have been clssif ied 
as follows: 
Inorganic Materials : 
Alcohols : 
Amine : 
Aromatic Hydrocarbons : 
Alkanes : 
Halogenated Hydrocarbons : 
water 
ammonia 
ammonia - water solutions 
methyl alcohol 
ethyl alcohol 
isopropyl alcohol 
pyridine 
benzene 
toluene 
o-xylene 
propane 
n-butane 
n-pentane 
n-heptane 
n-nonane 
freon F-11 
freon F-113 
0 0 
That water is thermally stable in the temperature range 20 to 350 F is well known, 
and i ts  corrosive behavior with aluminum at these temperatures has already been dis- 
cussed. Regarding aqueous corrosion, it should also be pointed out that the use of 
copper as  an alloying agent with aluminum increases corrosion rates with water (Ref. 
12). The presence of copper ions in solution has a similar effect (Ref. 12). Mercury 
and mercury ions also promote corrosion (Ref. 12 and 13). 
For the vapor chamber application, the production of non-condensable gases as a by- 
product of corrosion i s  a serious problem. Aiuminunz alloy 6061-TG was selected as 
best meeting the cr i ter ia  as established in Table 4-2- Experience zt General Electric 
with 6061 alumhum alloy vapor chambers cont&hg water as the w o r b g  fluid indicated 
0 
t11a"kyydrogera evolution occurred at temperahres h o v e  250 E7, For short-term per- 
formmce testing, total time 30 hours, corrosion axid therefore hydrogen evolution 
could be effectively mhimized by addition of an idibiting agent. Although this pro- 
cedure proved to be suitable for these tests, i t  is evident that more basic corrosion 
compatibilities will be required to provide the five-year life required for the proposed 
application. Because this information is generally not available in the literature, basic 
corrosion data, as  it applies to the vapor chamber application, was generated by the 
capsule testing described in Subsection 4.4. 
It is reported that anhydrous ammonia does not react with aluminum at temperatures 
below that at which ammonia decomposes to produce nascent hydrogen (Ref. 12, 14 and 
15). Aqueous ammonia, however, does attack aluminum and its alloys (Ref. 12 and 13). 
According to Alcoa, the presence of iron o r  magnetic iron oxides can lead to pitting of 
aluminum when used with anhydrous ammonia. Alcoa therefore recommends that such 
materials be removed with a 10% HNO rinse for  15 minutes followed by a rinse with 3 
distilled water to remove residual HNO The aluminum should then be preconditioned 3' 
with 28 percent ammonium hydroxide for three to four hours until gas evolution ceases, 
followed by careful washing with distilled water and drying. 
Methanol and ethanol are both reported to corrode aluminum and aluminum alloys at 
their boiling points when anhydrous (Ref. 16). However, the addition of a trace of water, 
< 0.2% by weight, greatly reduces the rate (< 0.001 cu in. /sq. in. /yr). The rate for 
n-propanol containing 0.2 percent water is 0.0001 cu in. /sq. in. /yr. The alcohols are 
0 
thermally stable at temperatures of 300 F o r  higher. The mode of decomposition at 
higher temperah~res is dehydrogenation (Ref. 17). 
It is reported that propane and n-butane do not attack duminum (Ref. 12). However, i t  
is  known that Ale1 catalyzes the conversion of straight-chain hydrocarbons to brmched- 3 
chain hydrocarbons; a trace of chloride could therefore result in the conversion of 
0 
n-.butale to isobrxtme (Ref, 18). 'ii'he alkanes are stable in the temperalure range 20 
to 350°13', 
The freons hdieated in the foregoing tables are  dl stable arsd non-corrosive in duii~hmm 
within the indicated temperature range (Ref. 12, 14, 19 and 20). However, the water 
vapor content should be maintained below 20 ppm (Ref. 13). 
4.3 ANALYTICAL COMPARATIVE EVALUATION 
4.3.1 ANALYTICAL MODEL OF VAPOR CHAMBER FIN 
Although the major vapor chamber fin radiator design effort was performed at a later  
time, a preliminary design of the radiator was developed in conjunction with the fluid 
evaluation. The analytical model resulting from the concept illustrated in Figures 4-9 
and 4-10, was helpful in comparing the performance characteristics of the various 
fluids. Later designs stressed the more practical aspects of developing a reliable and 
system. h / 7 ~ -  DOW CORNING FLUID DISCHARGE 
P i p r e  4-9, Vapor Chamber Radiator Pmel 
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Figure 4-10. hdividud +Jzp~r Chamber Elenleak 
Three major elenrents seoanprise the radiator; these are the lsrirnary radiator fluid duet, 
the vapor chavrrber fins, and the eoz%duetion fins,  The radiator arr;upgernen"cs in the 
form of a f l a t  pavlel radiatbg Lo space horn  both sides, Neat rejected by the Braytosn 
cycle power conversion system is transported from a compact eooPer to the radiator 
by a circulating primary radiator fluid loop employing Dow Corning 200 liquid. Heat 
from this fluid is transmitted to the vapor chambers, which in turn transmit the heat to 
conduction fins for final dissipation to space via thermal radiation. A typical vapor 
chamber radiator thermal schematic is shown in Figure 4-11. 
Figure 4-11. Vapor Chamber Thermal Schematic 
Two independent sets  of primary radiator fluid ducts are  incorporated into the design. 
Either of these fluid ducts are capable of handing the full heat rejection load, The ducts 
are rectan&ular jrr cross-section and mm in parallel across the radiator panel. They 
enclose the evaporator portion. of the vapor chamber fins, 
Co~nponent parts of the vapor ehan~ber are Glze evaporator section, vapor ilow passage, 
condenser section, m d  fluid rebarn passage, The vapor chamber is a eylk~dricdty 
shaped pressure vessel, with one end buried in the p r i ~ n q  radiator fluid duet, m d  the 
=is of *e vzpor chamber rrm~6hg pel-pei~dic-dar to tint: direction of the primary radia- 
tor fluid ducts, The evaporator, which is buried in the duct, is externally finned to 
improve the heat transmission characteristics between the primary radiator fluid and 
vapor chamber. A special wick design is used internally to provide desirable evapora- 
tive heat transmission characteristics. Vapor flow is through the vapor chamber to the 
locale for condensation. Capillary structures comprised of layers of metal cloth are 
used on the condensate fluid return passage from the condenser to the evaporator. 
The capillary wick structure is the major novelty of the vapor chamber fin concept. It 
includes a single layer hexagonal screen in the condenser, o r  reflux section, and a num- 
ber of multiple (three) layer wire cloth rings spaced at short intervals along the length 
of the vapor generation, or  evaporator, section of the vapor chamber. The outer layers 
of these rings fit closely to the inside wall of the vapor chamber tube. Inserted inside 
the inner layer are crimped extensions of the reflux screen which, in the manner indi- 
cated, feed the refluxing liquid into the three-layer wire cloth rings. Liquid is  fed 
circumferentially through the inner two annular spaces of the three-layer ring structure 
and evaporation takes place between the outer ring and the heated wall. Vapor escapes 
into the center vapor chamber section through the spaces between the axially spaced 
rings. 
Certain radiator characteristics and design limits have been identified for use as a 
basis for comparison of candidate vapor chamber working fluids; these include the 
following: 
1. 
Maximum length of a $-inch LD vapor chamber is determined by the capability 
of the reflux and vapor generation capillary struet;ures, (One-quarter-inch 
diameter represents a practicd minimum diameter for a vapor chamber. It 
is shorn later that mhimum weight of the radiabr is attaiaped with nn.linirnum 
diameter vapor chambers, ) 
2, VAPOR - PHASE -, -- PRElSSURE -A DROP- .,-A- 
-- Vapor phase pressure drop k~ 2 4 -foci long, 2-inch di~t~neter  vapor chamber 
a s  determiined by heat"sing- the middle of the t-ube, (Such a chamber length re- 
presents a reasonable L~ppeP limit desim selection for an actual radiator, 
Chambers of substantidy longer length are not deafr&te f r a n  eonsiderati~ns 
of Dow Corning fluid duct and chamber design as well as from considerations 
of individual vapor chamber vulnerable area and resulting meteorite armor 
weight. ) 
3. VAPOR GENERATION TEMPERATURE DROP AND HEAT FLUX RATIO- 
The vapor generation temperature drop and ratio of heat flux to critical 
heat flux. (This measurement has been based upon a constant vapor gen- 
eration length in the vapor chambers, which represents a reasonable com- 
promise between vapor chamber temperature drop and the vulnerable area 
and weight of the Dow Corning duct structure. ) 
4. VAPOR CHAMBER CONDENSING TEMPERATURE DROP- 
The vapor chamber condensing temperature drop measurement is made across 
the condensing interface. (This measurement is based on a condensing surface 
heat flux which is constant at a given chamber operating temperature level for 
all working fluids. ) 
The thermodynamic and fluid flow ecpations and their development for making these 
comparisons, presented in the subsequent subsections, are based on the following steps: 
1. The conduction fin length is optimized for a particular vapor chamber fin dia- 
meter, tube weight per unit length, and temperature level. After the conduc- 
tion fin length is determined, the total heat transfer per unit length of vapor 
chamber fin can be calculated for a given temperature level. 
2. Capillary flow pressure drop calculations are  made for a particular vapor chamber 
fin tube diameter, length, total heat transfer, and set of fluid properties. 
3. Calculations are made of maximum vaporization surface net pumping heat cap- 
ability for a given set of fluid properties, a given ratio of vaporization capil- 
lary feed length to width ratio (L/w), and an optimum spacing between layers 
of the vaporf zation surface capillary. 
4. The lirnimg value of L/W is determined as a function of fluid properties and 
length and diameter of vapor chamber, 
5, The vapor phase pressure drop ira the vapor chamber is edculated, 
6 ,  Approsrilxate edeullations are made of vaporization surface 82' and ratio of 
design heat flux to critical heat i"lm;.s, 
7, Approximate cdcdakions are made of condensation surface AT. 
4.3.1.1 
The effectiveness n of a radiation cooled conduction fin is  a function of a radiation f 
modulus A and the temperature ratio of TS/T (Ref. 21), where 
R = fin length, f t  
0 = Stefan Boltzmann constant, 
0.173 x l o m 8  Btu/sq. ft. h r  ( R) 4 
E = radiating surface emissivity 
0 T = fin base temperature, R 
K = fin thermal conductivity, 
~tu/hr--ft-OF 
t = fin thickness, ft 
0 T = radiation sink temperature, R 
S 
The relationship between h , n and T /T is  plotted in Figure 4-12. If a value of n is  f9 S f 
selected, h may be determined. For the present purposes, n has been chosen 0.9, f 
which yields h = 0.1 for essentially the entire range of T /T (see Figure 4-10). 
S 
The following parameter describes the conduction fin performance characteristics: 
where Q = total heat radiated to space by the vapor chamber tubes with eonduction 
fins per unit lengt;h of vapor chamber tube 
md W = combined weight of vapor chamber tube plus csrzduction fin per wi"c leng~  
of vapor chamber tube 
Radiation ~ o d u l u s  h 
Figure 4-12. Variation of Fin Effectiveness with Radiation 
Modulus for Fin Radiating from Two Sides 
The heat rejection and weights of the conduction fin and vapor chamber are  as follows: 
where t = 2 a E T 3 
h K 
and p = fin and tube material density 
where D = vapor chamber tube diameter 
The 2-5 factor includes a view factor between the hibe and space (Ref, 22) 
where t = effective tube thickness with dlowance for wicks and working fluid 
se  inventory. 
Combining Equations (4-15) through (4-19) yields the following: 
For optimum conduction fin length R , Q/W is a maximum. Differentiating Equation 
(4-20) with respect to R yields the following: 
This cubic equation must be solved to determine the optimum value of R . When Ris 
known, the total vapor chamber heat transfer Q per unit length,xPan be determined. T 
The result is as follows: 
4 4 Q / = 4 R  TZ + 2 . 5 D o ~  (T - TS ) (4-22) opt. 
Using Equation (4-20) the parameter Q/W for the vapor chamber fin element can be 
calculated. ForX = 4 ft, the total vapor chamber fin heat transfer (QT) has been calcu- 
lated using Equation (4-22), substituting values of R obtained for solution of Equation 
(4-21:. These values are plotted in Figure 4-13. Q/W for Equation (4-20) is plotted 
in Figure 4-14, and t and R for Equations (4-17) and (4-20) a re  plotted in Figures 
4-15 and 4-16, 
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4 , 3 ,  5.2 d z i s  -- 
The reflux capillary is the liquid condensate return passage for the vapor chamber, 
The pressure drop, generated in the r e 8 u  capillary, which must be overcome by the 
evaporator capillary pump pressure r ise is given by the following equation: 
where P = liquid pressure 
x = liquid passage length 
24G a f = laminar flow friction factor 
Dh Pa 
Dh = reflux passage hydraulic diameter 0.13 D 
D = vapor chamber tube diameter 
V = flow velocity 
a = liquid density 
pa = liquid viscosity 
gc = force/mass conversion factor Ibm ft I b  sec 2 f 
The liquid velocity can be expressed as the following function of location along the vapor 
chamber: 
where 8 = vapor chamber length 
At the evaporator end of the vapor chamber, the liquid velocity is a maximum, and it is 
as follows: 
where:  liquid flaw cross section Z 0-1.11 D 2 
-%I> = 
X = fluid heat of vapo?rjlzatiron 
Total pressure drop over the lengthz is given by 
The reflux pass age friction head is ,  
4.3.1.3 
Tlie evaporator capillary pump structure used in the evaluation consists of a series  of 
three layer wire cloth rings, which are spaced at short intervals along the axis of the 
heated portion of the vapor chamber tube. In practice, the layers of these rings are 
spot-welded together and to the tube by a central circumferential row of spot welds, 
thus forming wedge shaped feeding spaces between the layers, and between the outer 
layer and the tube wall. For simplicity in this comparative analysis, i t  i s  assumed 
that a constant spacing y is maintained between the layers and also between the outer 
layer and the heated vapor chamber wall. Vaporization is assumed to occur in the 
space between the outer layer and the heated wall, and a curved liquid-vapor interface 
surface of radius y/2 is assumed to exist in this space. Surface tension on this curved 
interface maintains a pressure difference (capillary pumping pressure rise) of 
2 o cos 8 
S 
across the interface, where a, is the liquid surface tension amd 8 is the wetthg contact 
angle, The two interlayer spaces are used for feeding Piquid eireumferentidly from 
the points of eontact (sLx in nu-mber) between the reflux eapilla~-y liquid flow spaces and 
the vaporization rings, Mov-ernenl of l i q l d  from the reaux capillaries into the ring 
feed spaees and from the r h g  feed s p a e e s  into the vaporization space occurs by rad-id 
flow through the wire cloth. The effective pumping length along feed capillaries of 
interlayer spacing y is designated by L. 
The frictional pressure drop in the feed length L is given by 
since the hydraulic diameter of the feed channel is 2 y. 
2414 The friction factor for laminar flow is f = 
2 g r v p i  
Thus, 
Lf the average vaporization surface heat flux is F and the axial width of the total ring AV 
surface is W, 
since tllere are  three layers and two feed spaces superimposed in the vaporization space. 
Integrating from R  = 0 to R = L, the total vaporization capillary pressure drop over the 
length L is 
AP adds to the reflux capillary pressure drop. The sum of the reflux and vapor 
va 
passage pressure drops must be overcome by the capillary pumping pressure r i se  
across the interface meniscus. (This assumes that the vapor phase pressure change 
is negligible compared to the liquid phase changes - an assumption which is justified 
by subsequent calculations.) Both AP and the capillary pumping pressure r ise de- 
va 
pend on the spacing y. One way of determining the optimum value of y for a given 
L is to assume a ratio r between the reflux capillary pressure drop and the inter- 
facial pressure rise: 
2 cr cos 8 
S 
r 
h 
= 0 
Y 
v = 
2 6 COS 8 
S 
J -
P R  ho substituting (4-32) into (4-30) 
2 
solving (4-33) for ho 
3 3 2 
h 2  = 8 es s g Xcos 8 r (I-r) e -- 0 n 
Equation (4-34) shows that ho is zero for r = Q and for r = 1. For optimum r, h o is a 
maximum. 
2 3 3 
Cl 01, ) 8 6  s g h c o s  8 2 
= o =  ( 2 r  - 3 r )  
d r  3 P F L2 pL L AV 
from which r = 2/3 
substituting r = 2/3 in equation (4-34) 
Since the reflux liquid stream, corresponding to Q T' the total vapor chamber heat trans- 
fer,  is fed tc the vaporization ring structure at six points. 
substituting (4-38) into (4-37) 
By equating expressions (4-26) and (4-39) for h o , an equation for the limiting (maximum) 
value of L in terms of the reflux capil laq~ geometry, total vapor chamber heat trans- 
($1 
fer & and fluid properties e m  be o b l a e d :  T" 
Solving this equation for L/W yields: 
3 a cos 0 p h 3 4 
- = 0.00413 gc 
W s R Dh %L2 (4-40) 
'a QT 2 
For liquids making a wetting contact with a wire cloth surface, the value of 8 is essen- 
tially zero, since there is  a liquid film attached to the individual wire surfaces. In 
this respect a wire cloth surface differs from, say, a sheet metal surface. 
Equation (4-40) provides the basis for comparing alternate working fluids with respect 
to liquid refluxing performance. For differenr fluids at a given temperature level with 
fixed geometry, the quantities g , QT, Dh, %. and R are constant, leaving the ex- 
pression a p h /W to account for the effect of fluid properties. Desired, with refer- 
s A  R 
ence to fluid selection, for a given geometry and total heat transfer Q is the largest T ' 
possible limiting value of L/W. In order for a vapor chamber to operate at the stated 
QT, the physical value of L/W must be at least as large as the limiting value given by 
Equation (4-40). A positive difference between the value given by Ecluation (4-40) and 
the physical value represents a safety margin of excess of performance capability over 
the requirement. Alternatively, for an arbitrarily selected Q tube diameter and limit- T9 
ing value of L/W, the maximum permissible length f can be determined for various 
working fluids; o r  for a given fluid, Q limiting L/W, and specified length, the mini- 
T ' 
mum operable tube diameter can be found. 
4.3.1.4 
P major fzctos- in. the delermhation of recj~~-lrecl racliaior area i s  the inagni'lrucie of the 
temperahre drop betcveen the Dow Corning 200 fluid and the radiating surface. This 
ovei*& h- .  .,,iLperature -, drop has three principal coii~poneni;~ (reference Figure 4-11]: 
1. Convection-conduction temperature drop between the DC-200 fluid and the 
vapor chamber tube heated surface. 
2. Evaporative surface temperature drop. 
3. The condensing surface temperature drop. 
A fourth possible temperature drop is between the evaporative and condensing surfaces 
of the vapor chamber. However, for all cases of interest in this analysis, this drop is 
negligible. The radiation cooled conduction fin temperature drop has already been 
accounted for by assigning a fixed value to the conduction fin effectiveness. 
In order to estimate the temperature drop across the liquid film at the heat input see- 
tion, it is necessary to lmow the thickness of the l i l i d  layer and the mechanism for 
energy transfer. The mass transfer in a heat pipe is  generally believed to be evapo- 
rative as distinguished from boiling. In fact, if the fluid in the entire heat input section 
were boiling, it is impossible to formulate a model in which the capillary forces draw 
the fluid to the interior portions of the evaporator. The onset of boiling for any parti- 
cular fluid, however, is not easily predictable since i t  is controlled by the surface 
conditions of the container as well as temperature sensitive fluid properties. The 
presence of a fine pore wick further complicates the analytical model. 
Over the exyected radiator design evaporator heat fluxes it is probable that the mass 
transfer is  due to a combination of local nucleate boiling and evaporation. This view 
was later supported by the experimental test data as explained in Subsection 6.5. In 
order to examine tlie vapor chamber fin radiator in its most favorable light, it was 
assumed that the evaporator AT eodd be predicted by a pool boiling- heat transfer cor- 
relation. 
The data correlatiol~ of Cichefli and Bonrilla is used (Ref, 8). 'In this correlation, the 
ratio oi: critical heat flux to critical pressure is plotted against the reduced pressure 
P/Pc (Figure 4-8), Also, the evaporative surface AT at the critical flux is plotted 
against the reduced pressure. The ratio of critical heat flux to critical pressure peaks 
at a reduced pressure of approximately 1/3 and falls off to zero at reduced pressures of 
0 
zero and 1. The critical AT is very high (over 100 F) at values of P/P near zero, 
C 
falls rapidly for reduced pressures between 0 and 1 and then falls less rapidly to zero 
at a reduced pressure of 1. At particular vapor chamber operating temperatures, the 
reduced pressure and critical flux was determined. From the selected fin geometry 
and Q the vapor chamber evaporative flux was calculated. The cube root of the ratio T ' 
of design flux to critical flux was taken and this factor multiplied by the critical AT to 
get the estimated operating AT. This follows from Reference 8 which states that q/A 
is  proportional to a power of AT ranging from three to four. By using the value 3 the 
most optinlistic estimate of AT is obtained. The assumption is made that the laws 
governing critical heat flux and AT a r e  similar in the case of the vapor chamber to the 
case of pool boiling. This assun~ption should be adequate to compare fluids, although 
i t  is entirely not accurate. In Figure 4-17, design levels of vapor chamber evaporative 
flux a re  plotted against temperature. This held for all working fluids. 
4.3.1.5 
The condensing surface temperature drop is calculated as the temperature difference 
required to transfer the condensing heat flux across the mean radial thickness of the 
reflux capillary passage through the condensate layer by conduction. 
4.3.1.6 
Using the vapor density and viscosity, the vapor chamber cross sectional area for vapor 
flow, and the vapor chamber mass flow required to support the heat transfer Q the T' 
vapor velocity and Reynolds number were calculated as a function of distance down the 
eondenskg section of the vapor chamber tube, Ln the turbulent range of Reynolds num- 
bers arn a-verage friction factor was used, and the pressure drop cdcdzttted assuming a 
linearly varying velocity and constant friction factor, In the laminar range, the 
Poiseville pressure drop formula was used, 111. all cases, using the assumed desigx 
con&tions, the vapor phase pressure drop was very low, in fact, for practical pur- 
poses, negligible. 
Vapor F in  Operating Temperature, OF 
Figure 4-17. Individual Vapor Fin Evaporation Surface 
Thermal Flux vs  Temperature 
4.3.2 COMPARISON OF VAPOR CH,!IMBER PERFORMANCE USING CANDIDATE 
WORKING FLUIDS 
A summary of results of a comparison of the refluxing and vapor chamber total tem- 
perature drop perfornlance for candidate working fluids is shown in Tables 4-3, 4-4, 
4-5 and 4-6. Comparison parameters listed a re  the following: 
TABLE 4-3. VAPOR CHAMBER PERFORMANCE PARAMETERS FOR CANDIDATE "HIGH TEMPERATURE" 
WORKING FLUIDS (AT 250°F TEMP.) 
Fluid 
/ Rlcthyl Alcohol 
Ethyl Alcohol 
n-l'cntlnc 
13cnzcne 
I n-Hcpt3nc 
Pyridine (CP-32) 
Toluenc 
o-XyIcnc 
, W:llcr 
Isapropyl Alcohol 
n-Nonane 
Anlso!c 
Max. Length 
of 1/4 in. dia. 
Vapor Chamber 
(L/W - 1) 
Req'd dia. of 
4 ft. Vapor Ckimber 
(1/4 in. assumed to be a 
practical minimum) 
1/4 in. 
. 3  in. 
1/4 in. 
(For 1/4 in. dia. 
4 ft. long Vapor Chamber 
Negligible 
ATv 
Evaporative 
Temperature 
Drop 
&=c 
Condensing 
Temperature 
Drop 
Remarks 
Refluxing performancc cxccllrnt: 
vapor flow OK, moderatul~ hlgli 
vapor fin AT; good mnrgjn on 
critical evaporative flux 
Similar to methyl nlcohol cxccpt 
vapor chamber AT higher. 
Similar to ethyl alcohol 
Similar to ethyl alcohol exccpt f o r  
high vapor chamber AT 
Similar to benzene except evapora- 
tive flux margin i s  mihimal. 
Similar to benzene but higher vapor 
chamber AT. 
Similar to pyridinc - very  high 
vapor chamber AT. 
Similar to toluene but lower vapoi- 
pressure and highcr vapor cham- 
her AT. 
By far  the best on all counts. 
However, stainless steel tube 
liner is required. This results 
in approx. 3R radiator wt. pcna!h/ 
over best alternative o r p n i c  fluid. 
High liquid viscosiq results in 
poor refluxing performancc. 
No margin on evaporative flux and 
also very high vapor c i l amkr  AT, 
Similar to n-nonanc. 

TABLE 4-5. VAPOR CHAMBER PERFORMANCE PARAMETERS FOR ALTERNATE "LOW TEMPE:RATkiRE" 
WORKING FLUIDS (AT 150°F TEMP. ) 
Fluid 
Ammonia 
I Freon 11 
Freon 113 
Max. Length 
of 1/4 in. din. 
Vapor Chamber 
(L/W = 1)  
10.3 ft.  
5.4 ft. 
7.1 ft.  
Req'd dia. of 
4 ft. Vapor Chamber 
(1/4 in. assumed to be a 
practical minimum) 
1/4 in. 
1/4 in. 
1/4 in. 
- APv 
P~ 
(For 1/4 in. dia. 
4 ft. long Vapor Chamber) 
Negligible 
Negligible 
Negligible 
P/Pc 
0.263 
0.08 
0 . 0 5  
(q/A)D 
-
(q/A)c 
0.07 
0 .23  
0 .32  
ATv 
Evaporntive 
Tcmpernturc 
Drop P F )  
14 
30 
39 
A Tc 
Condensing 
Temperature 
Drop PF) 
21 
2 7 
Remarks 
I 
-- 
Bcst low tempcrnturf f l u id .  Most ' 
important point of supei-ioriry is i 
the vapor chamber i l in t  t rnnsfr r  A'Y .  
I 
i 
~ 
-._-A 
TABLE 4-6. VAPOR CHAMBER PERFORMANCE PARAMETERS FOR ALTERNATE "LOW TEMPERATURE" 
WORKING FLUIDS (AT 40°F TEMP. ) 
Remarks 
150°F. 
Same relative advnnbges as at 
-1 
( q / A ) ~  
(q/A)c 
0.034 
0.12 
0.16 
ATv 
Evaporative 
Temperature 
Drop ?F) 
20 
33 
37 
ATc 
Condensing 
Temperature 
Drop (OF) 
1.4 
3 
4 
'lPc 
0.04 
0.011 
0.0035 
- APv 
Pv 
(For 1/4 in. dis. 
4 ft. long Vapor Chamber) 
Negligible 
Negligible 
Negligible 
Req'd dia. of 
4 f t .  Vapor Chamber 
(1/4 in. assumed to be a 
practical minimum) 
1/4 in. 
1/4 in. 
1/4 in. 
I 1 Fluid 
I 
- 
I Ammonia 
) Frcon 11 1 Freon 113 
Max. Length 
of 1/4 in. dia. 
Vapor Chamber 
(L/w = 1) 
43.2 ft.  
16. 3 ft. 
10. ti 
I is a "safe" desigx value, id~erently providhg msgim for vapor ehalllber 
overloading due to adjacent chamber failure, and also for deparhre of the 
Mxrlayer clearances a d  other details sf the vaporizzttti~n surface capifla37 
structure from the assumed optimum geometry. 
2. 
This is believed to be a parameter of greater practical significance that 
(a) above, because various design considerations, mentioned above, indi- 
cate that the vapor chamber length in an optimized radiator panel will be 
of the order of 4 feet o r  less. 
3. 
These calculations apply to a 4-foot long, $-inch diameter vapor chamber 
heated in the middle. 
4. Reduced pressure P/P . This parameter is important because it governs 
C 
the limiting peak thermal flux attainable and also the M' at the limiting flux, 
and thereby strongly influences the AT at the design flux. It is desirable for 
maximum margin on thermal flux and minimum vaporization AT that P/PC be 
above 0.1 and below 0.7 (0.33. is optimum). 
5. 
This is an index of the degree of margin for overloading the vapor chamber as 
a result of failure of an adjacent chamber. A margin of 100 percent is 
desirable. 
Table 4-3 and 4-4 includes fluids appropriate for the high temperature end of the radia- 
0 0 
tor (350 F to 150 F). Table 4-5 includes fluids suited for use in the low temperature 
0 0 
end of the radiator (150 F to 20 F). A graphical comparison of the evaporative and 
condensing temperature losses obtained with each candidate working fluid is shown in 
Figures 4-18 and 4-19. Of the high temperature fluids indicated, water is eminently 
superior in all respects. The evaporative AT for water was determined. The AT of 
water is not governed by the correlation used to estimate AT in the organic fluids, 
Next to water comes the dcohols, methanol and et;ha.nol followed closely by the 
hydrocarbon n-pentane Pentme seems to he superior to other hydrocalrhons because 
of the favorhle value of P/P e which reduces the evaporative AT.. C)t the low te~npera-~ 
ture fluids compared, ammonia is markedly superior to the freons. This is due to its 
lower evaporative AT resulting from a relatively favorable value of P/P c and also to 
its comparatively high liquid phase thermal conductivity. Ammonia also has refluxing 
superiority but the refluxing performance of freons 11 and 113 is good enough that this 
difference is probably not of much practical significance for design. A comparison of 
B e  maximum condenser length obtainable within safety limits for the candidate working 
fluids is shown in Figure 4-20. Ammonia and water are clearly superior to other 
ISBPWOPANOL 
EVAPORATIVE TEMPERATURE DROP, O F  
Figure 4- 18, Evaporative Vapor AT Comparison 
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Figure 4-19. Condensing Temperature Loss 
MAXIMUM LENGTH OF CONDENSER, FT 
Figure 4-20, Condenser Length Limit 
y?Bual )run xad quamala q3 uorqonpuoo - xaqmEyo xod~n 30 qyB?a~ M 
yq2ua.1 ?run xad xa~sueq EaH - 8 
*pauTurxa)ap axaw ~/ig xaqaurend ayq 30 
pm y)Zual ?run xad xajsmq pay xaqruzyo xod~a pqoq 30 sanpn Zu~puodsaxxo3 
*sassauyory) X~M xaqmqo xod-en 30 a8wx E x03 pue saxnp?xadma? 8qq-exado 
30 aBwx E xoj paqurxaqap axaw suolsuarurp quamala ug uorqonpuoo-xaqm~yo 
xod~n 'uo~q~z~ru~qdo urj uolqonpuoo xoj anoqe passnosrp poyqam ayq Buyio~log 
pawrx3no sr s~q7 3qop xoj axnpaooxd aq& "3no parxxzo uaaq amy s)y2lra~ pue warn xo) 
% *  Using the radiator eodi@ration shown in Figures 4-9 arzd 4-10 as a b s i s ,  
~ a r i o u s  numbers, sizes, and proportions of Dow Co~xinag fluid ducts were 
hvestigated with consideration for the followhg factors: 
a. Fin area, fin spacing, fin effectiveness (thickness and size) of fins re-  
quired in Dow Corriing fluid duct 
b. Pressure drop in Dow Corning duct flow 
c. Vulnerable area of Dow Coming fluid ducts 
d. Vulnerable area of individual vapor chamber tubes 
e. Thermal flux level on heat input section of vapor chamber tubes 
f.  Length of heat input section of vapor chamber, considering requirement 
for two independent Dow Corning duct systems. 
3. As a result of these investigations the following generalizations were reached 
for establishing comparative designs: 
a. Five Dow Coming fluid ducts (or, actually duct pairs) are used on all 
radiator panels, these being located at the centers of five end-to-end 
vapor chambers each approximately four feet long extending across the 
width of the panel (Figure 4-9). 
b. Each duct is 1-inch wide by 3/4-inch deep. The two ducts of each pair 
are side by side with a common partition wall. 
c. Four-foot long vapor chambers are  $-inch in diameter. Longer vapor 
chambers result in thicker required armor on the vapor chambers and 
save very little vulnerable area of Dow Corning ducts. 
d. Spacing of the vapor chambers in the direction of the ducts is variable in 
accordance with the requirements of maximum Q/W for the vapor cham- 
ber - conduction fin element (see Figure 4-16). 
e. The correlation of Equation (4-41) below was used to establish meteoroid 
armor thiclinesses on the Dow Corning fluid ducts and on the vapor 
chambers. 
t = armor thickness (inches) 
a 
3 
t 
= density of vulnerable material (lbs/in ) 
E = Youngvs modulus of vulnerable material (psi) 
2 A = vulnerable area (ft ) 
T = time (hours) 
P = probability of no puncture 
0 
f. Individual no puncture probability of the Dow Corning fluid ducts was 
selected at 0.9 which corresponds to a probability of 0.99 for survival 
of at least one duct in the paired duct system. 
g. The initial value of the individual no puncture probability of the vapor 
chambers was selected at 0.75. This corresponds closely to a 0.99 prob- 
ability that 72 percent of the vapor chambers will survive. This value 
was later changed to 0.85. (Punctured chambers retain partial effective- 
ness as conducting fins. ) 
h. Weight of the radiating surface was calculated by using incremental areas 
of the radiator as weighting factors to be applied to the calculated values 
of Q/W for various temperature levels in order to obtain a mean effective 
value of Q/W for the entire radiator. The radiator area, (both on an in- 
cremental basis to get weighting factors for average Q/W calculation, and 
on an overall basis was calculated from Equation (4-42). 
A - radiator area 
n = mean effectiveness of the radiathg surface f 
w = Dow Coming fluid weight flow 
- 
C = Dow Corning fluid specific heat 
P 
T = Radiation sink temperature 
S 
TH = Radiating surface temp. at high temp. end of radiator 
T = Radiating surface temp. at low temp. end of radiator 
C 
e = emmissivity 
a = Stephen B o l t z m m  constant 
i. Weight penalty to be applied to the water tube liner portion of a water- 
ammonia radiator was calculated on the basis of using a 0.010-inch thick 
stainless steel tube inside of aluniinuni n~eteoroid armor. Armor value 
of the steel tube was allowed for. 
4.3.2.2 
Depending upon the vapor chamber wall thickness and the vulnerable area of each tube, 
there is a definite survival probability for an individual vapor chamber. This relation- 
ship is given by Equation (4-41) above. For a given wall th ichess ,  the survival. prob- 
ability of the individual tube increases as the vulnerable area decreases. This fact re- 
presents the reason for limiting the length of the vapor chambers, in some cases, sub- 
stantially below values permitted by reaming performance (see Tables 4-3 to 4-6)- If 
there is a large number of vapor chambers, the probability that a specified fraction of 
these will survive is related to the number of chambers and to the probability that one 
individual tube in the large group will  survive. For a particular number of chamber 
units (1000), the relationship between s u d v d  fcaction and h~dividud tube survival 
probability for a stated prob&ility of achieving the survival fraction is summarized in 
Fig-ure 4-22. This relationship holds closely for any large number of units, such as 
1000 or more, From Figxre 4-23 il can he tiele~*mined that if the irrdi.j-idrra1 vapor 
chamher sul--(sivd probalaillw i s  O,%5, 72 percent of the vapor cI-ra.rabers in the entire 
radi8-tor (a number larger than 1000 Lxbes) ca.n be expected to survive with a pprob- 
aJsiPi& of 0,99, The pmchre s f  28 percent of the vapor charnbers does not result h 
a loss of 28 percent of the radiator capaciQ. The reason. for this is that the vapor 
chamber elements are  short enough in lateral dimension, that punctured tubes lying 
between unpunctured tubes have a significant conduction fin effectiveness, thus in- 
creasing the effective length of the conduction fins attached to the surviving vapor 
chambers. A margin of refluxing and evaporative surface thermal flux performance 
adequate to handle a 100 percent overload has been purposely provided to take care of 
vapor chamber overloading resulting from puncturing of adjacent tubes. The heat 
transfer area provided by the fins in the primary fluid duct are also designed to accom- 
modate a higher heat load per vapor chamber. 
In order to calculate the effectiveness of the portion of the radiator represented by the 
28 percent punctured vapor chambers, it is necessary to determine the probable dis- 
tribution of the punctures in the radiator vapor chambers. The probablliGy of a punc- 
ture pattern involving K filled tubes in a row is given by: 
S  N - S  P K = - x  - N - S - 3 .  N - S - 2  N-$1-1-K X N N - 1  N - 2  N - 3 . . . . . (N-K) N-K-1 
where N = total number of vapor chambers 
S = number of tubes surviving (unpmctured) 
The probable number of such failures is given by 
= N PK (This equation is an approximation which has been verified 
by detailed calculations to be slighUy conservative.) 
The probabilib of mdtiple tube failures has been illustrated for a typical radial-or 
where N = 1300 and the tubes are $-inch diameter and are approximately 4 feet long, 
For five years, 0 - 7 5  probability of survival., approximately 0,040-inch alumhum tube 

"Fh-iclmess i s  recgrired, or, for the case of a wa,ter vapor chamber, 0,010-hch stsdess 
steel plus 0,025-inch dilumimm (Eq-atiom 4-42), From. Figure 4-23, a 7% percent sur- 
- 2 - - - T  s V L V W  +Ldbtl~a em. be zchieved with ttprobaktilii;y of 0-99 if the h d i ~ d u a l  vapor chamber 
survival probability i s  0.75. Therefore : 
N = 1300 tubes 
S = 0.72 x 1300 = 940 tubes 
N-S = 360 = max. no. failed 
N1 
= 1300 x 0.145 = 188 failures involving 1 punctured tube bracketed by 
by two good tubes. 
188 N2 z= = 52 failures involving two punc- (1300 - 1 - 2) b red  tubes in series. 
= 14, failures involving three punchred tubes (1 296) in series. 
0.50 0.60 u.70 L .1- 2.9: 
S u r Y : i , r l  Fraction Lcrge Nusber  of l lo l fs  
Figure 4-23, Correlation OE bndi.sridw d Vapor Chamber S u M v d  Probabilitgr Required 
to Achieve Fixed Overd l  Radiator Success Probabfiity Against Vapor Cha~mber  Survi- 
val Frat:"cio~s 
From Figure 4-24 it can be determined that, if n = 0.9 for the basic radiator sur- f 
face with no punctured tubes, the radiating surface effectiveness for the portion of the 
radiator involving one tube failure bracketed by two good tubes is approximately 0.70; 
the effectiveness for the portion with two failed tubes in series is 0.55; and the effec- 
tiveness of the portion with three failed tubes in series is 0.4. Using these numbers, 
and neglecting the portion of the radiator involving more than three failures in series, 
the resultant effectiveness of the 28 percent of the radiator involving punctured tubes 
can be calculated as follows: 
Therefore, the excess area required to compensate for the 28 percent punctured tubes 
can be estimated as follows: 
Area Initially Provided - 
- 
1 
Effective Area at End of Mission 0.72 + 0.57 x 0.28 
= 1.14 
Thus, 14 percent excess area is required to compensate for the loss of 28 percent of 
the vapor chambers. This factor has been used in the preparation of Table 4-7. 
4.3.2.3 Results of Comparative Radiator Calculations 
In Table 4-7 is shown a summary of the results of the approximate radiator design cal- 
culations. Eight possible working fluid combinations have been compared. Other com- 
binations are possible but all of these are either very similar in characteristics to one 
or another of the indicated combinations, or are markedly inferior to any shown. Simi- 
lar, but slightly inferior to methanol as a high temperature fluid, is ethanol. Similar, 
but inferior to benzene are n-heptane and pyridine. Similar but inferior to toluene is 
2 3 
Figure 4-24. Fin Effectiveness vs h Radiation Modulus ( a ' ) for Fin Radiating 
from Two Sides Kt 
o-xylene. Isopropyl alcohol, n-nonane, and anisole are markedly inferior high tem- 
perature fluids for reasons indicated in Table 4-3. Freon 11 3 is similar but inferior 
to Freon 11 as a low temperature working fluid. 
The use of water and ammonia is approximately 4 percent heavier than the most attrac- 
tive alternative, methanol and ammonia. It is only 2.5 percent heavier than n-pentane 
and ammonia, which may be the closest feasible alternative, because of anticipated cor- 
rosion problems with methanol and ethanol. Also, the combination, using a stainless 
steel tube inside the enclosing aluminum fin structure must be seriously considered as 
a preferred choice. On the basis of available data, it may be said that the heat trans- 
fer pedormance of this combination can be predicted from present howledge with 
greater certain$ than that of any of the other combinations. 

Conelusiolrs VJhicl~ can be drawn from the data srammarized in 'Tables 4 - 3  to 4-6 are the 
I. From the standpoht of calculated pedormance as vapor chzxxxber wsrTkbg 
fluids and of calculated radiator weight and area a number of possible working 
fluids for the high temperature (1 5 0 ' ~  to 350'~) end of the Brayton cycle radia- 
tor have been identified. These are, listed in order of preference (based on 
calculated performance, without regard to possible chemical stability and inter- 
action problems) the following: 
Methanol (Methyl Alcohol) 
Ethanol (Ethyl Alcohol) 
n-Pentane 
Water 
Benzene 
Is opropanol 
n-Heptane 
Pyridine 
Toluene 
o-Xylene 
Anisole 
n-Nonane 
0 0 2. Similarly, the following low temperature (20 F - 150 F) vapor chamber radia- 
tor working fluids have been identified. These are, in order of preference: 
Ammonia 
Freon 11 
Freon 113 
3. The principal criterion which has been found to be of major significane in the 
comparative evaluation of vapor chamber radiator working fluids is the sum of 
the evaporative and condensing temperature drops within the vapor chamber. 
The exception to this is found in the case of water. The weight penalty assigned 
to water results from the known need for a stainless steel tube liner. This 
represents a fabrication difficulaty as well as a small (4%) weight penalty. 
Final selection of working fluid combinations to be used in a test vapor cham- 
were based on the results of the above calculations and the reflux capsule 
tests, These tests discussed in Section 4.4 define the all important question 
of the existence of chemical stability and conipatibility with the containment 
material, 
4.4 TESTS FOR COMPATIBILITY OF MATERIALS 
4.4.1 TECHNICAL APPROACH 
The objective of the materials compatibility test program was to determine the exist- 
ence and quantity of any noncondensable gas formed when the working fluid of the vapor 
chamber fin was in direct contact with the wicking and structural containment materials 
within the expected operating temperature range. Noncondensable gas, if formed, 
would arise from either a corrosion or a thermal degradation type reaction. Since non- 
condensable gas is detrimental to the operating performance of the vapor chamber fin, 
the lack of any measurable gas generation provided reasonable acceptability of the 
materials combination. If a measurable rate of gas formation was detected, the feasi- 
bility of the materials combination was in doubt. 
Structural containment materials considered for the vapor chamber fin were restricted 
to alloys of aluminum. In particular, the aluminum alloy 6061-T6 was selected as the 
structural material on the basis of its strength, fabricability, corrosion resistance, 
stability, and availability in the required shapes and sizes. Commercial purity alum- 
inum (99% Al-designation 1100) was selected as the wicking material for the vapor 
chamber because of the unavailalility of 6061-T6 screens. 
A preliminary screening of working fluids was made, and a number of classes of fluids 
were identified as being likely candidates for working fluids in a vapor chamber radia- 
0 0 
tor in the temperature range 20 to 350 F. This preliminary selection was made pri- 
marily on the basis of expected fluid thermal stability, compatibility with aluminum 
alloys, and equilibrium vapor pressure, with the performance of the fluid in the vapor 
chamber being a secondary consideration. Promising classes of fluids identified were 
Freon-type refrigerants and solvents, alkanes, alcohols, aromatic hydrocarbons, in- 
organic fluids (especially water and ammonia) and several organic fluids which had pre- 
viously been used for high-temperature, vapor-phase heat transfer applications. lh 
addition, various chemical companies were contacted for information concerning avail- 
able proprietary compounds which may not yet be in general commercial use. These 
inq~xiries produced two other classes of fluids: the Freon E Series fluorocarbons (E. I. 
DuPon% De Nemours & C o , )  a ~ z d  a group of eqerimentd thermodpamie fluids under 
I;ravestigation by the Nlonsanto Company. 
It was finally decided that fluid-material compatibility tests would be performed on the 
following thirteen fluids: n-pentane, n-heptane, benzene, toluene, water, CP-32, CP-34 
(Monsanto thermodynamic fluids), ethyl alcohol, methyl alcohol, ammonia, Freon 11, 
Freon 113, and n-butane. In view of the known corrosion of aluminum by water, the 
water tests were conducted in stainless steel. This single test, was performed be- 
cause water as a vapor chamber working fluid is highly advantageous. 
In order to simulate as nearly as possible the actual radiator operating conditions, the 
fluids were placed in a gravity refluxing capsule fabricated of 6061-T6 aluminum alloy, 
except water which was tested in a type 321 stainless steel capsule. Heat was supplied 
at one end of the capsule by immersion in an oil bath operating at constant temperature. 
Heat rejection at the upper end of the capsule was accomplished by flow of ambient tem- 
perature air. Three thermocouples were located near the upper end of the capsule, and 
the temperatures were monitored for at  least 500 hours at the selected test temperature. 
The accumulation of noncondensable gas in the capsule was indicated by the development 
of an axial temperature gradient near the upper end of the capsule. 
4.4.2 CAPSULE DESIGN AND FABRICATION 
The aluminum reflux capsules were approximately 23.5 inches long and 0.5 inch in out- 
side diameter. The capsule design is shown in Figure 4-25. In constructing the cap- 
sules, all parts were first cut to the required size and then thoroughly cleaned. The 
cleaning procedure involved an initial soak in hot alkaline cleaner followed by deoxi- 
dation in a solution of 112 gm. sodium sulfate and 150 m l  concentrated nitric acid in 
0 850 ml  water for 20 minutes at 140 F. Lra addition, the aluminum was either machined 
or abraded in the area of the welds. A sjingle layer wick of duniinum screen (3.100- 
dumiunum G k y ,  120-mesh b,~14Il) was then inserted in the tube and pressed against the 
inside wdP by rolling over a 3/8 inch rod bserted down the axis of the tube, The cap- 
sules were then TLG welded under helium in a vacsrum purged inert gas welding cham- 
ber. After weldhg, the capsules were leal< eheelred with a helium mass spectrometer 
leak detector and pressure checlied with argon at 900 psig after which the leak check 
was repeated. 
TIG WELD 
SCREEN F W S H  
W I T H  INSIDE WALL 
WRULE 
0.30" OD X .035" WALL 
1 SCREEN: I I W  AWMINUM TIG WElD I20 MESH END CAP TWILL 
Figure 4-25. Aluminum Capsule 
The type 321 stainless steel capsule for the water test was similar to the aluminum 
capsule except that the fill tube was 0.25 inch OD by 0.035 inch wall. The stainless 
capsule was cleaned before fabrication by soaking in hot alkaline cleaner and picMing 
0 for 15 minutes at 135 F in a solution of 15% by volume concentrated nitric acid, 5% by 
volume concentrated hydrochloric acid, and 80% water. Ira addition, the stainless steel 
0 
was passivated by soaking for 15 minutes at 150 F in a 15% by volume nitric acid solu- 
tion, The wick material consisted of a single layer of 150-meshi m e  316 stairdess 
steel screen pressed agzinst the jmer wdb ,  The stainless steel capsule was TIC;: welded 
in GI= with argon p ~ r g b g .  
Three thermocouples were located on each capsule at 0.5 inch, 2.0 inches, and 4.0 
inches from the upper (filling) end as shown in Figure 4-25. The couples were cemen- 
ted to the wall with epoxy cement. The thermocouples were 24-gauge copper versus 
constantan with fiberglass insulation. Following attachment of the thermocouples and 
curing of the epoxy, each capsule was again leak checked. 
Two trial capsules of aluminum were proof tested to further check the weld integrity. 
These capsules burst at 3400 and 3500 psig. respectively, in good agreement with the 
ultimate tensile strength of welded 6061 -T6 Aluminum. 
4.4.3 CAPSULE FILLING AND SEALING 
The procedure adopted for filling the capsules involved filling the capsule completely 
with fluid and then distilling the fluid from the capsule until the desired quantity re- 
mained. This procedure served to remove residual air from the capsule, absorbed 
gases from the interior surfaces, and dissolved gases from the fluid. In addition, the 
more volatile impurities were removed from the fluid during the distilling operation. 
For the fluids with boiling points above ambient temperature, the capsule was filled 
completely with fluid from a hypodermic syringe using a 6-inch, No. 20 hypodermic 
needle. The total capsule volume was approximately 54 cc. A valve was then attached 
to the f i l l  tube and to a water-cooled glass condenser and volumetric collector. A photo- 
graph of the filling system is  shown in Figure 4-26. The bubbler serves to prevent 
evaporation of the more volatile liquids. 
After filling the capsule completely with liquid, a heating tape was wound around the 
exterior of the capsule and heat was supplied to boil the fluid. it was found that the 
heat had to be applied near the surface of the Eiqid to prevent eruptive boiling and 
Figure 4-26. Capsule Filling System 
subsequent sudden flow of a large liquid volume. The distilling process continued until 
the capsule was approximately half full at which point the valve was closed, and the cap- 
o 
sule temperature was increased to approximately 30 F above the normal boiling point. 
The capsule was heated at this temperature for several hours with occasional. venting 
of the capsule to remove noncondensable gas accumulating at the upper end of the cap- 
sule. The temperature of the three thermocouples was monitored during this time to 
indicate the quantity of noncondensable gas. When the capsule thermocouples indicated 
an isothermal condition and the desired quantity of liquid remained within the capsule, 
the f i l l  valve was finally closed, and the capsule was allowed to cool to ambient tempera- 
ture. 
In fillihg capsules with fluids boiling at o r  below ambient temperahare, (that i s  Freon 
11, ammonia, and n-butane), a somewhat different procedure was employed. In each 
ease, the capsule was weighecl before and after the fiJEing oper;xtion to deteermine the 
clumtiky of fluid in the capsule, 'She initial ehargc of P'resrz 11 was inserted into tlie 
capsule with a I ~ ~ s d e r r n P e  syringe 8s with the higher boiling liiyt~idls, In filling the 
n-hutme capsule, the capsule was first evacuated awl then attached to a eylincler eon- 
tainhg liquid n-butme, After thorouguy flushing the comectbg lines, the n-butane 
0 
was distilled into the capsule which was maintained at 32 F in am ice bath, while the 
n-butane cylinder was at ambient temperature. Ln filling the ammonia capsule, the 
capsule was first  evacuated and then attached to a reservoir containing liquid ammonia. 
After thoroughly flushing the connecting lines, the ammonia reservoir was tilted so 
that the liquid ammonia drained by gravity into the capsule. 
The final fluid inventory was approximately 12  cc at normal room temperature in each 
capsule. This value was calculated to give a liquid level inside the capsule which was 
near the oil level of the bath when the capsule was on test. Table 4-8 gives the capsule 
identification, the fluid supplied for all of the capsules tested, the final fluid inventory, 
and the capsule test temperature. Em the case of methyl alcohol, the capsule was not 
put on test since reaction with the aluminum capsule was noted during the filling opera- 
tion. This is discussed further in a later section of this report. It should be noted 
that Freon 11 was available as the solvent, Freon MF. Similarly, Freon 113 was avail- 
able as TF solvent and as PCA (precision cleaning agent). In each case, the highest 
purity grade was used. 
After the capsule was filled with the desired quantity of fluid, a permanent seal of the 
fill tube on the aluminum capsules was made. To accomplish this, the f i l l  tube was 
sealed with a pinch-off tool. After the pinch-off operation, an aluminum cup, which 
had been placed around the fill tube before the valve was attached, was pulled up so 
that i t  surroutlded the pinch-off, and the cup was then filled with epoxy cement. This 
"potting" of the pinch-off effectively remorced it  against high internal pressures en- 
comtered during the eapsrrle tests. The epoxy used for reidorcement of the pinch-off 
e; 
was especially suited for this puqose  since it is stable at 350 I"; it readily BOWS aromd 
the pinch-oti, and it cures within one hoar at 150'~ or ~vernigiit at rooill iemperakdre. 
F'igu~~e 4-27 is a photog ia:iph of a cross 3ec"Lcpn of the ti11 tube pinch- oiif after. ''potting" 
m epoxy ceiurellt. 
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Figure 4-27. Cross Section of Fill Tube Pinch-off Potted 
in Epoxy Cement (C67112007) 
The stainless steel capsule containing water was not permanently sealed. All tests 
were conducted with the filling valve in place. 
4.4.4 CAPSULE TEST APPARATUS 
Heat was supplied to the capsules from oil baths operating at constant temperature. 
Heat was dissipated at the upper end of the capsules by a flow of ambient temperature 
air. This type of system was chosen for this test in order to accommodate the number 
of capsules to be tested, and to eliminate, as far  as  possible, overheating of the cap- 
sules during the long-term tests. Each bath was provided with overtemperature pro- 
tection which automatically shut dovm the bath in case of a malfunction in the bath tem- 
per ature control. 
Figure 4-28 is a photograph of the eapsde test apparaks, The capsdes in the high- 
% e w e r a h r e  bath were h s d a t e d  beheen  the air duet md the bath do decrease the heat 
loss in this area. The three oil baths were operated at temperabres of 362, 260, and 
0 153 F, respectively. 
Figure 4-28. Capsule Test Apparatus (C67101205) 
Air flow was provided by a fan rated at 225 cfm which was mounted in the exit end of 
the 12-inch by 12-inch air duct. The air velocity was measured with a velometer and 
averaged 4.2 ft/sec. In the high-temperature bath, the capsules extended 4.4 inches 
into the air  duct, in the mid-temperature bath, 6 . 3  inches; and in the low-temperature 
bath, 10.9 inches. The immersion in the air duct was calculated so  that each capsule 
would dissipate approximately 20 watts (68 B T U / ~ ~ )  within the duct. The lower end of 
each capsde extended approximahly 6 inches below the oil level in the bath. 
Figure 4-29 is a schema~e of the ~emocouple circuit, Each caps~dc: thesmocoup$.e 
was comectedi to a_ra isothennd block wfzere comectioms to copper leads were made, 
The i~~~aiei311d block was a Model 44081. th~rermocoup4.e reference juaae~on sompensata~ 
which was at ambient temperature. The copper leads went to a 40-position switch and 
then back to the isothermal block where a connection was made to the thermocouple 
wire which, in turn, was connected to an ice junction and then to the thermocouple 
readout. The thermocouple readout was a precision millivolt indicator which gave 
thermocouple EMF to one microvolt. The purpose of the isothermal block was to main- 
tain the copper lead wire to thermocouple wire connections at the same temperature 
and thus avoid spurious emf's in the circuit. 
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UP 
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TABLE 4-9. CALCULATED AND MEASURED HEAT LOSS FROM CAPSULES 
Measured T o b l  
Mid Temp. Bath 260 
LOIN Temp. Bath 184 
*Assu.rning no insulation on the capsules. 
4 ,4 ,5  CAPSULE TESIS RESULTS 
The primary test mesurement was fie difference in temperabre ~eadllngs of the fhree 
thermocouples on each capsule, As  was mentioned above, the three "chermocoupLe 
readhgs  were cornpaxed uxder i s o & e r m ~ l  conditions s-d were fotrrrd tcr G r e e  yv-ithir? 
0 0.08 F, which shows that only extremely small temperature differences might be 
accounted for by spurious emf's in the thermocouple circuit. There are, however, 
several other explanations for temperature differences between the thermocouples. 
One is, of course, that non-condensable vapor has formed in the capsule and causes 
the upper thermocouple to read lower than the other two. If noncondensable vapor 
formation continues, then the temperature of the upper thermocouple would continue to 
decrease with time. In addition, there is appreciable thermal resistance between each 
thermocouple and the vapor within the capsule due to the rather low thermal conductivity 
of the liquid film on the interior and the rather uncertain thermal contact of the thermo- 
couple with the wall. Thus, if the screen does not make good contact with the wall in 
the region of the thermocouple o r  if the thermocouple does not make good contact with 
the wall, then a particular thermocouple might read lower than the other two on the 
capsule by several degrees. In order to aid in determining the cause of the tempera- 
ture differences, the capsule temperatures were decreased at various times during 
the tests. If the temperature of a particular thermocouple increased with respect to 
the other two when the capsule temperature decreased, this is an indication that there 
is high thermal resistance in the region of the thermocouple in question. If the upper 
thermocouple indicates a low temperature and the temperature decreases with respect 
to the other two couples when the capsule temperature decreases, this indicates non- 
condensable vapor within the tube has accumulated at the top of the capsule. 
A description of the test and test results for each of the selected working fluids is 
contained in the following paragraphs. 
4,4.5,1 Methyl Alcohol (Capsde C-1) 
No capsule tests were made meth methyl alcohol since relatively large quantities of 
gas were  evolved during the filling operation, The capsule was first  filled completely 
wiYn methyl icuiiol aid theii, with the Elling v d v e  open, zpproximatelj7 half of the 
liquid was distilled out of the capsule at the boiling point, 148.5'~. The filling valve 
was then closed, and the capsule temperature was increased while the temperature of 
the three thermocouples was monitored. Some gas evolution was noted at a capsule 
temperature of 1 5 8 ' ~  where the upper thermocouple was about 5OF cooler than the 
lower thermocouple. At a capsule temperature of 1 7 2 ' ~  rather rapid gas evolution 
was observed, and the difference between the upper and lower thermocouples was 41°F. 
The gas was vented several times and continued reaction was observed. Finally, a 
small quantity of evolved gas was collected with a i r  and ignited to determine if it was 
combustible. The gas was probably hydrogen since i t  readily exploded on ignition with 
air. The capsule was then cooled to room temperature, the f i l l  valve was removed, 
and the f i l l  tube was closed with a rubber cap. The rubber cap blew off after a few 
hours indicating that, once started, the reaction proceeded even at room temperature. 
The capsule was sectioned and the interior was examined. Extensive corrosion was 
noted, especially on the screen near the upper end of the capsule. A photograph of 
the sectioned capsule is shown in Figure 4-30. The powdered material in the lower 
left of the photograph is  the residue after evaporation of the alcohol. 
The evidence thus shows rapid attack of aluminum by methyl alcohol with the reaction 
0 beginning at about 160 F. The product is, presumably aluminum methoxide formed by 
3 
the reaction: 3 CH OH + A1 3 A1(OCH3)3 + -H The solid reaction products gave 3 2 2' 
a weight gain, upon ignition in air, which was consistent with the above reaction. 
4.4.5.2 n-Pentane (Capsule C-2) 
The capsule containing n-pentane was tested for about 750 hours at temperatures above 
0 0 0 
300 F. About 570 hours of this test were at 316 F. At 316 F, the capsule temperature 
Figure 4-30. Sectioned Aluminum Capsule Following Heating to 1 7 0 ' ~  with 
Methyl Alcohol (C67100450) 
0 
was mical ly  46 F lower than the bath temperature. Internal capsule pressure was 
270 psia and calculated vapor velocities were 0,15 ft sec near the evaporating liquid 
surface and 0.064 ft/sec at the level of the lower thermocouple. The results of this 
test are  shown in Figure 4-33 where T - T and T - T are plotted against test 1 3 2 3 
hours. T is the temperature of the upper thermocouple (0 .5  inch from top of capsule); 1 
T is the temperature 2 .0  inches from the top of the capsule and T is the temperature 2 3 
4 .0  inches from the top of the capsule. The data shown in Figure 4-31 are particularly 
erratic in comparison to some of the other capsulles tested. There was definite indi- 
cation of excess thermal resistance near the lower thermocouple (T ) since T was 3 2 
:dways greater than T but became very nearly equal to T when the temperature was 3 3 
lowered to about 250'~. The fact that T wm from 3 to $OF less thm T co-celd be 
1 3 
$&en as aa bdicadiors that there was some noncondemable vapor in this capsl~le; 
However, at the conel~rsion of the test when the "cemperatue-e was decreased to 252O~ 
there was an increase in T with sespect to bolh T and T which is not; consistent 
I 2 3' 
with the assumption of noncondensable vapor in the capsule, The constant temperahre  
dgferences noted over the last 450 hours of test indicate that no continued gas forma- 
tion occurred during this period. 
It should be noted that variations in the individual. temperature occurred throughout the 
test. Short-term (fraction of a second) instabilities were especially noticeable on the 
capsules in the high-temperature bath where the apparent random fluctuations had ampli- 
0 
tudes of roughly 0.3 F. These fluctuations were visudly averaged in an individual read- 
ing. Periodic changes occurred as the bath heaters cycled with periods ranging from 
35 seconds in the high-temperature bath to about 60 seconds in the low-temperature 
bath. In addition, long-term variations occurred mainly as a result of changes in 
ambient temperature. 
At the conclusion of tests on the n-pentane capsule, the capsule was sectioned and the 
interior examined visually and microscopically. Very light, brownish areas of dis- 
coloration were noted on the interior wall, but the screen appeared clean. No evidence 
of corrosion of the aluminum was found. The liquid removed from the capsule also had 
a very faint brownish coloration. 
4.4.5.3 
0 The benzene capsule was also run for a total of 750 hours at temperatures above 300 F, 
0 
of which 570 hours were at 316 F. At this temperature, the vapor pressure of benzene 
is  100 psia. Calculated vapor velocity was 0.32 ft/sec near the evaporating surface and 
0.14 ft/sec at the level of the lower thermocouple. Temperature differences are  plotted 
against test hours in Figure 4-32. 


&/reaserred temperature differences were quite small  throughout the test and were c o n s h ~ t  
with time, A slight decrease in both T - T and T - T was noted when the @a-psule e 3 2 3 
temperahre was lowered, This ~bdimtes  some slight excess thermal resistmee in the 
area of the N o ,  3 thermoco~~ple; that isj the T ternperahre i ~ c r e a s e s  with respect tc? 3 
the other two when the heat flux is decreased. 
The capsule was sectioned after the test, and very slight, local areas of discoloration 
were noted on the interior with no evidence of corrosion. The screen material was 
clean, and the liquid was clear. On the basis of this test, benzene appears to be excep- 
0 
tionally stable in contact with 6061-T6 aluminum at temperatures near 300 F. 
4.4.5.4 Water in Type 321 Stainless Steel (Capsule SS-1) 
Distilled water in type 321 stainless steel was exposed to temperatures in excess of 
0 0 300 F for 750 hours, of which 570 hours were at 327 F. At this temperature, the vapor 
pressure of water is 99 psia. Calculated vapor velocity was 0.24 ft/sec at the evaporat- 
ing liquid surface and 0.11 ft/sec at thermocouple No. 3. Temperature differences a re  
plotted against test hours in Figure 4-33. A steady decrease in T - T occurred 
l o  3 
throughout the test, until at 750 hours the upper temperature was 72 F lower than T 3' 
The temperature of the middle thermocouple agreed quite closely with T until the con- 
0 
3 
clusion of the test when the temperature was decreased to 260 F at which time T, was 
'5 
0 10 F lower than T3, and T was 1 1 7 ' ~  lower than T There was thus definite evidence 1 3' 
of considerable quantities of noncondensable gas evolved during this test. A qualitative 
mass spectrometric analysis of the vapor within the capsule was performed after the 
test and showed a large concentration of hydrogen. 
Sectioning of the capsule at the conclusion of the test revealed extensive discoloration 
on the interior, especially in the areas of the welds. It is considered likely that the 
capsule was not effectively purged of air  before welding and that oxidation of the capsule 
material thus occurred during welding. A portion of the oxidation products could have 
been transported into the liquid during the reflux tests and produced the black deposits 

wl~icl* were observed in t12c lower ( l iqu id )  portion of &he eapa:erPe, 1x1 the upper portion 
of the czpsule there was relatively urnifurrii brown coloration typied of light oxidation 
of stainless steel, Inn additior~, the water removed from this capsule contained a small  
quantity of brown precipitate. It thus appears that reaction of the water with the stain- 
less  occurred during the test  with subsequent evolution of hydrogen. If one assumes 
that the hydrogen-water vapor interface during the tests was sharp, and that, a t  the 
conclusion of the test, the interface just reached the middle thermocouplbe with the cap- 
o 
sule temperature a t  260 F, then the quantity of hydrogen within the capsule at the con- 
clusion of the test was 150 std cc. Since the interface i s  not, in reality, sharp, the 
quantity of hydrogen is probably not this large. 
4.4.5.5 
0 
The capsule containing ammonia was run for more than 500 hours at 159 F. The vapor 
pressure a t  this temperature is 480 psia, and the calculated vapor velocity is 0.031 
ft/sec a t  the evaporating surface and 0,010 ft/sec at  the level of thermocouple No. 3. 
These unusually low vapor velocities a r e  the result of the high heat of vaporization of 
ammonia and the high vapor density at  the test  temperature. Temperature differences 
a r e  plotted against test  hours in Figure 4-34. Both TI - T and T - T a r e  very 
0 
3 2 3 
constant throughout the test at  about +l. 6 and +I. 2 F, respectively. The fact that both 
T1 
- T and T - T a r e  positive, and decrease slightly when the capsule tempera- 
3 2 3 
ture is decreased, indicate that there i s  a slight excess thermal resistance near  the 
No. 3 thermocouple which tends to cause T to be lower than the other two temperatures. 3 
Sectioning of this capsule a t  the conclusion of the test  revealed some discoloration of 
both the screen and the capsule wall in the liquid region, It is believed that this dis- 
coloration i s  due to some nonvolatile impurity in the ammonia which could have been 
introduced when the capsule was filled. In particular, the lubricant on the s tem threads 
of the filling valve could have been flushed into the capsule during the filling operation. 
It should be noted that the ammonia capsule is the only eapsvle tested in which ligrid 
was inserted into the capsule through the f i l lhg  valve, 

4,4,5.6 Freon -- 1-e 11-2) (Capsule D l  
- 
h capsule containing Freon ii was run fo r  over 500 hours at 156'~~ and a second cap- 
o 
sule was run for more than 500 hours at 222 F, Results of these tests are shown in 
- - Figure 4-35 and Figure 4-36. At l 5 6 - ~ ,  the vapor pressure of Freon 11 is 57 psia and 
the vapor velocities in the f i rs t  capsule were 0.22 and 0.0'71 ft/sec at  the evaporating 
surface and a t  the level. of thermocouple No. 3, respectively. In the second Freon 11 
capsule, the vapor pressure was 119 psia and vapor velocity at the evaporating surface 
was 0.16 ft/sec and a t  thermocouple No. 3, 0.064 ft/sec. 
For the f i rs t  capsule, temperature differences were very constant throughout the test  
(Figure 4-35) and no significant changes were noted when the capsule temperature was 
decreased. Similarly, for  the second Freon 11 capsule, Figure 4-36, the temperature 
differences were constant throughout the test with very small changes noted when the 
capsule temperature was lowered. The positive temperature differences suggest that 
there was excess thermal resistance in the vicinity of thermocouple No. 3 for  the sec- 
ond capsule. 
When the f i r s t  Freon 11 capsule was cut open, a few, small areas of discoloration were 
observed on the inner wall. The screen appeared clean and the fluid was clear. The 
second Freon 11 capsule was clean throughout the interior following the test  and the 
fluid was clear. 
4.4.5.7 Freon 113 (Capsule D-3) (Capsule D-8) 
0 
A capsule containing Freon 113 was tested for over 500 hours at 155 F and a second 
0 0 
capsule was tested for more than 500 hours a t  224 F. At 155 F the vapor pressure  of 
0 Freon 113 is 28 psia and at 224 F, the vapor pressure is 74 psia. In the f i r s t  capsule, 
vapor velocities a t  the evaporating surface and at thermocouple No. 3 were 0.41 and 
0.13 ft/sec, respectively; in the second capsule corresponding values were 0.26 and 
0 - 1 1  ft/see, Results of these tests a r e  shown in Figure 4-39 and Fig-re 4-38, 

I 'TOP CAPSULE TEMP. 
( T2=MID CAPSULE TEMP. 1 ) T3=LOWER CAPSULE TEMP I 
TEST TIME (HOURS) 
Figure 4-36. Capsule Test  Data f o r  Freon 11, Capsule No. 2 ( ~ = 2 2 2 ' ~ )  


0 
For the capsule tested at 155 F, temperakx~rrre differences were very constmt through- 
out the test and amouted to only a few tenths of a degree as shcbu~  in F'fgxwe 4-37, 
For the second capsule, temperature differences were constant tliroughout the test with 
C o 
T - T being-1.4 F a n d T  - T3, +O, 2 F (Figure 4-38). 
1 3 2 
The interiors of both capsules were clean following these tests and the fluid was clear. 
4.4.5.8 Toluene (Capsule D-4) 
0 The total test time on the toluene capsule was 600 hours at 323 F, at which tempera- 
ture the toluene vapor pressure is 54 psia. The calculated vapor velocity was 0.62 
ft/sec at the evaporating surface and 0.27 ft/sec at thermocouple No. 3. Tempera- 
ture differences are  plotted against test hours in Figure 4-39. A gradual decrease 
in T - T occurred for the first 200 hours of test, with rather stable readings of 
l o  3 
about -6 F obtained after this time. Very small differences between T and T were 2 3 
noted throughout the test. No significant changes in temperature differences occurred 
when the changes in temperature differences occurred when the capsule temperature 
was decreased. 
The capsule interior appeared clean after this test with the exception of a small, 
localized patch of discoloration on the inner wall. This seemed to be a surface deposit 
with no evidence of attack of the aluminum. The screen material was clean and the 
fluid was clear at the conclusion of the test. 
4.4.5.9 
0 The total test time on the n-heptane capsule was about 600 hours at 321 F at which tem- 
perature the vapor pressure is 66 psia. The calculated vapor velocity was 0.42 ft/sec 
at the evaporating surface and 0.18 ft/sec at the level of thermocouple No. 3. Tem- 
perature differences are plotted against test hours in Figure 4-40. Temperature dif- 
0 ferences were fairly constant throughout the test with T - T being typically -3 .7  F 
0 
1 3 
and T - T about -3.0 F, No siffnifieant changes were noted in TI - T when the 2 3 & 3 
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Figure 4-40. Capsule Test Data for n-Heptane 
capsule temperabre was lowered, However, a slight rnerease In T - T was ob- 
2 3 
served when t h e  c?apsr_rl.e temperad~zre was lowered ad 465 hours m d  again at 608 hours, 
This indicates a slight excess thermal resistance iri the area of "LIie No, 2 thermocoup"re. 
The entire capsule interior, including the screen, appeared clean after this test ,  and 
the fluid removed from the capsule was clear 
4.4.5.10 CP-32 (Monsanto Thermodynamic Fluid) Pyridine (Capsule D-6) 
0 The Monsanto thermodynamic fluid, CP-32, was run for 550 hours a t  318 F, a t  which 
temperature the vapor pressure is 45 psia. The calculated vapor velocity a t  the evap- 
oration surface was 0.56 ft/sec and 0.25 ft/sec at  thermocouple No. 3. Temperature 
differences a r e  plotted against test hours in Figure 4-41. A gradual decrease in 
T1 
- T was observed over the initial 250 hours of test after which a constant value 
0 
of about -5.5 F was obtained. The temperature difference T - T was more i r -  
2 3 
regular. For  the f i r s t  50 test hours, there was little if any difference between T and 2 
T3, After the f i rs t  50 hours, a gradual increase in T - T was observed until 200 2 3 
A 
test  hours, after which time the difference became constant at  +l.  6 " ~ .  After 480 test 
0 hours a sudden increase in T - T to -1-4.6 F was obtained. This behafior may be 2 3 
explained by assuming an excess thermal resistance in the vicinity of the No. 3 therm- 
ocouple which i s  not constant with time. When the capsule temperature was lowered a t  
335, 480 and 550 test  hours, a decrease in  both T - T and T - T was found. 
1 3 2 3 
Some rather localized discoloration was found on the interior of the capsule in the liquid 
region when this capsule was sectioned. This appeared to be a brownish deposit on the 
surface. The screen appeared to be clean, but the fluid removed from the capsule was 
slightly darkened. 

4.4.5.11 CP-34 (Monsanto Thermodynamic Fluid) (Capsule D-7) 
0 The Monsanto thermodynamic fluid, CP-34, was tested for 550 hours at 319 F at 
which temperature the vapor pressure of CP-34 is 93 psia. The calculated vapor 
velocity at the evaporating surface was 0.32 ft/sec and at the No. 3 thermocouple, 
was 0.14 ft/sec, Temperature differences are  plotted against test hours in Figure 
4-42. A gradual decrease in T - T was noted for the duration of the test, with 
0 1 3 
the value reaching -8.7 F at the conclusion of the test. The difference T 
2 - T3 
was quite stable at about -1.0"~. A decrease in T - T was observed when the 1 3 
capsule temperature was lowered at 430 and again at 550 test hours. 
Sectioning of the capsule at the conlusion of the test revealed a rather extensive 
area of local discoloration on the capsule wall near the liquid surface. No apparent 
discoloration was found on the screen. The fluid removed from the capsule was con- 
siderably darkened. 
4.4.5.12 n-Butane (Capsule D-10) (Capsule D-11) 
0 A capsule containing n-butane was tested for over 500 hours at 155 F at which tem- 
perature, the vapor pressure is 114 psia. Calculated vapor velocities were 0.13 ft/ 
sec at the evaporating surface and 0.043 ft/sec at the level of thermocouple No. 3. 
Temperature differences for this test are plotted against test hours in Figure 4-43. 
A gradual decrease in T - T was observed over the first 70 hours of test at 132'~. 1 3  
The capsule temperature was then increased to 1 5 3 ' ~  and T - T continued to de- 1 3  
0 
crease and, after about 250 test hours, leveled off at -18.5 F. There was no signif- 
0 0 icant difference between T and T when T was 155 F, but with T a t  about 133 I?, 2 3 3 3 
0 T2 - T was about -1.0 F. There was, however, no significant change in T 3 1 - T3 
when the capsule temperature decreased to 133'~. 
One might be inclined to attribute this behavior to evolution of non-condensable gas 
within the capsule, except for the fact that T - T did not change appreciably when 1 3  
the capsule temperature was decreased. A more likely explanation seems to be 


that some impurity was present in the initial charge of nmbartane aYrd that this impurity 
gradudly eoncen"iraled in the heat rejection end of the capsule, The behavior of heat 
pipes with multicomponent fluids has been. described in detail by Cotter (Ref, 23). 
Cotter has shown thst due to the requirements of conservation of mass, local vapor- 
liquid equilibrium, and essentially isobaric conditions throughout the pipe, the more 
volatile component of a two-component fluid must separate and reflux independently 
at tlze heat rejection end of the pipe. The pressure in the pipe is determined by the 
equilibrium vapor pressure of the less volatile component at the temperature attained 
near the heat input section, while the temperature in the zone containing the more 
volatile component is a temperature at which the equilibrium vapor pressure is the 
same as that of the less volatile component. 
A major impurity in the instrument grade n-butane is isobutane (Ref. 19). A small 
quantity of isobutane in the initial n-butane charge would cause a temperature differ- 
0 
ence of -22 F based on availab:e vapor pressure data, which is in good agreement 
0 
with the observed value of -18.5 F. The data of Figure 4-43 can thus be explained 
by the assumption of a condensable impurity, probably isobutane, in the initial n- 
butane charge. 
In order to further investigate tne behavior of n-butane in the reflux capsule, a second 
capsule was filled with n-butane. In an attempt to eliminate impurities from this second 
0 
capsule, the capsule was heated at about 140 F for  40 hours before finally venting and 
0 
sealing the capsule. The capsule was then heated in the oil bath at 150 F for more 
than 500 hours. Temperature differences during this time are  plotted in Figure 4-44, 
0 0 
In this test, T - T decreased and leveled off at about -6.2 F compared to -18.5 F 1 3  
for the first butane capsule. These results indicate that the treatment given the second 
capsule served to diminish the temperature differences developed during the test but 
apparently did not completely purge the capsule of isobutane. The interiors of both 
the first  and second n-butane capsules were clean at the conclusion of the tests and the 
fluid was clear, 

4,4 ,6  EVALUATXOIV AND CONCI,USXONS FOR THE SELECTION OF VAPOR CHAMBER 
W63RKING FLUIDS 
As  staked previously, the selection of working fluids was based upon thermal perfo'ormcil~ee 
m ;swell as mzterid ccampatibilitgr, The effort as discussed in this section was devoted 
to identifying fluids with suitable thermal performance characteristics and then sub- 
jecting the candidate fluids to a controlled material compatibility test. 
The primary indicator of the overall stability of a particular fluid-material combination 
in the capsule tests was the change in temperature of the top thermocouple with respect 
to the other two. This is, apparently, a very sensitive indication of the homogeneity of 
the vapor within the capsule. Non-homogeneity of the vapor, however, can arise from 
thermal decomposition of the fluid, reaction of the fluid with the capsule material, 
separation of volatile impurities, o r  simply outgassing of the fluid. In an attempt to 
determine the source of the foreign vapor, the change in T - T was noted when the 1 3  
capsule temperature was decreased, a s  was the appearance of the capsule interior and 
the fluid following the test. 
It should be emphasized that the present tests were planned to investigate the compati- 
bility of a particular fluid-material combination for long-term (5-year) use in a vapor 
chamber radiator under specified conditions. The reference conditions call for a 
0 
steady state temperature of 288 F for the primary radiator fluid at the inlet to the 
0 
radiator and a 320 F short-term peak temperature. The actual temperature to which 
the vapor chamber working fluid is exposed must be somewhat less than the primary 
radiator fluid temperature, since some temperature drop occurs from the primary 
radiator fluid to the evaporative surface within the vapor chamber. It is estimated 
that, in these capsule tests, the high-temperature fluids were exposed to temperatures 
0 0 
at least 20 F higher than the peak temperature and at least 50 F greater than long- 
term steady state temperature that the fluids would experience in the actual radiator. 
In addition, the fluid inventory in these capsule tests was considerably in excess of 
that to be employed in. &he actual. radiator, Thus, while the time of exposure in these 
capsule tests is only aho~tt 1% sf the planned radiator lifetime, the conditions of exposure 
were much more severe. It seems reasonable, then, to assume that if the fluid-material 
combination completed the capsule tests with no adverse effects, it is a likely candidate 
for a radiator with a 5-year lifetime. 
A summary of the test results is shown in Table 4-10. 
4.4.6.1 Acceptable Fluids 
On the basis of the capsule compatibility tests, the following fluids are judged to be 
acceptable for long-term use in a vapor chamber radiator, constructed of 6061 alum- 
inum for a working fluid temperature not exceeding 300'~: 
1. Benzane 
Benzene and n-heptane showed no indication of adverse effects throughout the capsule 
tests. The n-pentane showed stable temperatures but some discoloration of both the 
fluid and the interior of the capsule occurred. This discoloration could have resulted 
from a nonvolatile residue in the initial fluid charge. 
The following fluids are judged to be suitable for long-term use in 6061 aluminum for 
0 fluid temperatures not exceeding 200 F: 
1. Freon 11 
2. Freon113 
0 0 Neither fluid showed indication of deterioration in 500-hour tests at 155 F and at 225 F. 
Data from Dupont (Ref. 24) indicates a corrosion rate of Freon 11 with aluminum of 0.7 
o -6 
x inch per month at 130 F and 0.5 x 10 inch per month at 250°F. The DuPont data 
0 
also shows a decomposition rate of 0.1 per cent per year at 192 F. Other tests with 
Freon 113 (Ref. 25) showed no corrosion with aluminum in 100 hours at the boiling 
0 point. Freon 113 has also been stored with various metals at 300 F for two years with 
0.3 to 0.4 per cent decomposition. 
TABLE 4-10. SUMMARY OF CAPSULE TEST DATA 
No gas, no corrosion, slight 
fluid discoloration 
Showed good stability 
Showed good stability 
Showed good stability 
Showed good stability 
Showed good stability 
Showed good stability 
CP-32 (Byridine) No gas, but deposits and fluid 
discoloration occurred 
Slight gas and fluid discoBoration 
Showed good stability 
D-9 1 Freon 11 1 260 I 222 1 500 1 Showed good stabiliQ 
D-10 / n-Butane 1 183 1 155 / 500 1 Gas due to impurities i I I I 150 I Showed good stability 
'fhe foJlaswim~g f h ~ d s  are suitable for Long-term use UL 6061 d.u~ziintxrn at fitaid tcrnpet- 
0 
al;et~es nsst exceedir~g 150 F- 
1, Ammonia 
The ammonia capsule gave very stable temperature differences throughout the test. 
The discoloration observed in the capsule interior is thought to be due to impurities 
accidently introduced when the capsule was filled. The temperature decrease ob- 
served in both n-butane capsules is consistent with the assumption of a volatile impur- 
ity, probably isobutme , contained in the initial fluid charge. 
The results of capsule tests on toluene were not conclusive. Although a decrease in 
top capsule temperature occurred throughout the test, there was no decrease in T - 
1 
T when the capsule temperatare was reduced and no fluid discoloration was noted. 3 
On the basis of the test data no acceptance o r  rejection of the fluid could be made. 
4.4.6.2 
Ora the basis of the capsule test results, the following fluids were found to be not ac- 
ceptable for long-term use in vapor chambers operating at the indicated temperature: 
0 1. Water in type 321 stainless steel at 330 F 
3. CP-34 in 6061 aluminum at 3 2 0 ' ~  
4. Methyl alcohol in 6061 aluminum at 1 6 0 ' ~  
5 5. Toluene in 6061 aluminum at 320 F, 
0 The capsule tests indicate that water oxidizes type 321 stainless steel at 330 with 
evolution of hydrogen, It has been s h o w ,  however, in a test at Los Alarnos (Ref, 26) 
that no noneondensable gas is evolved when water is in eontack d % h  type 347 stainless 
0 
steel at about 200 P, IkP a heat pipe life test, the pipe has been operated for o v e r  
3000 hours with no noticeable cha~age in the temperature pattern, 
'17he capsules eo~zlarnerag the twc JAousantcs IheasrnscEp~amac. 19ralcl, Ct3-3% nni":rl CP-34, 
Lorn LiTIhovd~d E. ~ ~ G X ~ C ~ P S : :  1x5 I~;JPP.C (b?p~v4e  t ~lrperature:  and, 1: addrticn, so-ine dlseolor- 
ation of the fluid occurred, Lrformatio from the Monsanto Cornpmy (Hef, 27) ivrdiarakes 
good ihermd siabii i i y  EYL CP 34 10- 570 d ~ c ~ m p n s e d  in 920 days a i  450'~). Colrusion 
8 
e v d u a ~ o n  of CP-34 with aluminum. a l  300 l? for 244 hours gave a corrosiora rate of 
-3  -3 0,21 x 10 inch per  year in the l iwid zone and less than 0.07 x 10 inch per year 
iaa the vapor zone. Similar corrosion evaluation of CP-32 with aluminum gave corrosion 
-3 
sion rates of less than 1 x 1 0  inch per year for both vapor and liquid. 
Methyl alcohol was found to react rapidly with alurninum at temperatures above the 
boiling point. This reaction was accompanied by evolution of hydrogen. The attack 
was especially severe on the screen material (1100 alloy), Corrosion of aluminum 
by various anhydrous alcohols has been reported elsewhere (Ref 28)- The available 
hformation, thus, indicates that the alcohols in general, and methyl alcohol in 
particular, a re  not suitable for use in aluminum vapor chambers. 
SECTION 5 
RADIATOR DESIGN 
5.1 DESIGN CONCEPTS 
5.1.1 GENERAL DISCUSSION 
The prime objective of the radiator design study i s  to identify a promising Brayton 
cycle vapor chamber radiator. A secondary objective is to compare this vapor cham- 
ber radiator to the alternative conduction fin radiator. Therefore, this study formulates 
conceptual designs which offer the best potential performance for both the vapor cham- 
ber and conduction fin radiators. In either case, the Brayton cycle radiator require- 
ments necessitate the use of primary and secondary radiator loops. The primary 
radiator system serves to cool the Brayton cycle power plant working fluid, whereas, 
the secondary radiator, operating a t  somewhat lower temperatures, cools the system 
rotating machining and auxiliary equipment. 
The vapor chamber fin radiator is relatively complex compared to the conventional 
round tube conduction fin radiator. However, it was determined early in the study that 
the fluid mechanics and thermodynamics associated with the Dow Corning 200 (DC-200) 
primary radiator fluid makes a conventional round tube unsatisfactory for the alterna- 
tive conduction fin radiator and a more complex fluid passage geometry must be 
employed. To make a fair comparison between vapor chamber and conduction fin radi- 
ators, both concepts were evolved a s  the performance aspects demanded. The com- 
plexity of fabrication and assembly procedures were kept consistent for both radiators 
throughout the design evaluation. The resulting radiator designs and comparisons are  
a direct function of the Brayton cycle characteristics, A high Brayton cycle system 
thermodynamic efficiency requires rejection of waste heat a t  the lowest temperature 
possible. Also, the Brayton cycle requires a large inlet to outlet temperature change 
of the primary mdiator fluid, Consequerztly, the radiator operates at a low average 
temperature. 
Significant effects of the Brayton cycle power system requirements on the radiator 
designs are: 
1. A low pri.mary radiator fluid flow rate plus the selection of an organic fluid 
leads to 1a.minar flow solutions. 
2.  Low heat fluxes and low operating temperatures yield high conduction fin 
efficiencies. 
3. Required operating temperatures restrict the vapor chamber fluid selections 
to those with relatively poor heat transfer and flow properties co.mpared to 
liquid metals. 
5.1.2 VAPOR CHAMBER FIN RADIATOR DESIGN 
Both the vapor chamber fin and conduction fin radiator diameters were limited to the 
envelope restrictions of the 10-foot-diameter launch vehicle aerodynamic shroud. For 
the vapor chamber radiator, there are  two obvious possibilities for the orientation of 
the primary tubes and vapor chambers (Figure 5-1). 
Figure 5- 1, Codiwration Possibilities 
Eaell desim, fabricating e-itkrer curved prir~zary trrbes (A) 01% curved vapor eha-mber 
ttrii;es (Bj , presents a fahr i~2~t ion  diffic-crlt;;., 
Heat rejection is equivalent for  both eodigurations, but the strtrctura-i capabilities dii- 
fer ,  Meteoroid protection requirements and the heat transfer characteristics associ- 
ated with the primary fluid ducts concentrate a significant part of the vapor chamber 
fin radiator weight in the primary fluid loop. Vertical orientation (concept B) of the 
primary fluid ducts enables them to be utilized a s  supporting structures and reduces 
the weight by eliminating the need for purely structural longitudinal stiffeners. 
Studies in working fluid selection (see Section 4.3) indicated that vapor chamber lengths 
somewhat greater than 2 feet were acceptable for the candidate fluids and six fluid ducts 
could be considered. The six primary ducts were arranged to form a hexagon, eliminating 
the fabrication problem of curved vapor chambers a t  a cost of less  than 5 percent in- 
creased radiator length. This conceptual arrangement (Figure 5-2) appeared advanta- 
geous on all  counts and was selected for  more detailed study, 
SECONDARY PRIMARY 
\ \ 
CONDUCTION FIN -/ L -- _. .- .- l^. 
i?gx~rc: 5-2, Vapor- Chamber Radi:itor Conceptual Viexs/ 
l'he prxm:rrgr ilriid duet anr l  vapor chnntber. geornetrlcs ~vlirpre C ~ C ~ C * I  i?~jrleci ~ r i a i n j ~  by tI~e 
heat  transfer and r~reteoroid pi-oteetion criieria, Three major- ternpe I ature drops occur 
heween the primary radiator fluid and the vapor chamher f in vadiativlg surface: 
1. The bulk primary fluid to the evaporator outer wall temperature drop. 
2. The evaporator inner wall to the vapor s t ream temperature drop. 
3 .  The vapor s t ream to the vapor chamber fin inner condensing wall temperature 
drop. 
All of the other temperature drops were comparatively minor. 
Since the laminar convective heat transfer coefficient is approximately inversely pro- 
portional to the hydraulic flow diameter, i t  is imperative to reduce the hydraulic flow 
diameter to obtain a reasonable heat transfer coefficient. The laminar film tempera- 
ture drop can be reduced further by providing a large amount of heat transfer area,  
Both a small hydraulic diameter and a large heat transfer surface area a r e  achieved* 
by designing the primary fluid ducts with closely spaced fins. Preliminary designs 
without finned ducts showed the temperature drop across  the DC-200 laminar film to be 
excessive (on the order of 1 0 0 ~ ~ ) .  The inclusion of fins reduced this AT to a few 
degrees. 
The second significant temperature drop occurs across  the evaporator. As previously 
discussed, this temperature drop was assumed to follow the Cichelli and Bonilla rela- 
tionship for organic fluids (see Sections 4 ,2  and 4.3), The factors which governed the 
design of the evaporator were the need to maintain close proximity with the primary 
radiator fluid and to provide a continuous flow path for the condensate from the condenser 
to all parts of the evaporator, Failure to keep a good heat transfer path between the 
primary radiator fluid and evaporator results in an added temperature drop, a lowzr 
evaporator temperature and a n  uneven evaporator temperature distribution, Because 
the width of the priunary fluid duetiis constrained by the meteoroid prokction require- 
ments, it is elear- that the evsporat~r length will be 1-.es"cicted, The evaporator was 
designed as s round tube to lteep a eorztinuous cor-idensate flow path with the round tube 
--', .,.-..- ..Ln --- 
vapur- ~ ~ l a i r r b e ~  coiidenser section, The round tube selected combines exceiiellt struc- 
tural integrity with ease of fabrication and, a t  the same time, is compatible with the 
numerous possibilities for  the condenser wick design. The final primary duct-evaporator 
configuration concept is shown in Figure 5-3. 
FINNED SECTION 
\ 
VAPOR CHAMBER PINCH-OFF TUBE 
Figure 5-3. Final Primary Duct-Evaporator Configuration 
Only one of the primary fluid ducts is assumed to operate a t  any one time, With this 
arrangement, the evaporator side furthest from the operating duct will operate a t  a 
lower temperature than the near side; however, this temperature difference is less  
than a degree because of the good heat transfer path afforded by the aluminum. The 
alternative would be to place each operating primary duct above and below the evaporator 
(Figure 5-4). This design is not a s  efficient because i t  does not utilize all of the avail- 
able evaporator area a t  any one time. 
By staggering the vapor chambers, the most effictive use of the primary duct area i s  
obtained (Figure 5-5). 
Figure 5-4. Alternative Design 
Figure 5-5. Staggered Vapor Chambers 
The conduction fins separating the vapor chambers serve to prevent evaporation in the 
condenser section due to the axial radiator te.mperature gradient and yield a lighter 
weight design a s  will be shown later. 
The eonclensing temperature drop i s  largely dependent upon the thickness of the corn- 
densing film, Efforts to reduce this tenal~era4;Ltre drop were drseekd towards finding 
a condensing wick desigx which would limit this film t h i e b e s s  "co approximately 0,010 
inch o r  less.  At the same time, the condensing film flow a rea  must be large enough to 
keep the frictional flow losses low so that capillary pumping can be effected. Both of 
these aims can be achieved by configuring the condensing wick a s  shown in Figure 5-6, 
The bulk of the condensation occurs on the upper portion of the wick which is closest to 
the radiating surface. The condensate then flows down along the wick into the reservoir 
provided in the lower section where i t  is drawn by capillary action back to the evaporator. 
Figure 5-6. Condensing Wick 
Various approaches for  connecting the vapor chambers to the conduction fins were 
investigated. From a thermal standpoint, the central fin design (Figure 5-7) would be 
most advantageous. Although thermal requirements would permit extremely thin fins, 
fabrication and handling considerations require a fin thickness of a t  least 0.020 inch. 
Meteoroid a rmor  protection on the chambers of a t  least 0.040 inch is required using 
this approach, 
VAPOR CHAMBER 
/ / 
Figure 5-7. Central Fin Design 
Another concept which utilizes the conduction fins a s  meteoroid bumper protection was 
found to offer a structurally superior design with increased meteoroid protection a t  no 
expense in weight. This configxration takes advantage of the fin tl~ickness and enables 
the vapor cha.mber walls to be reduced to the minimum allowable for fabrication and 
handling; 0.015 inch. The offset chamber configuration (Figure 5-8) becomes excep- 
tionally attractive a s  chamber diameter increases. The staiidoffs, which connect the 
vapor chambers to the conduction fin, a r e  2.5 t imes the required a rmor  thickness in 
height in order to satisfy the bumper criteria for  meteoroid puncture. As a result  of 
the relatively low heat fluxes in the condenser section and the high conductivity of 
aluminum, the temperature drop across the standoffs i s  negligible. 
5.1,3 CONDUCTION FIN RADfiTQR DESIGN 
The conduction fin radiator design concept was dictated by the poor heat transfer 
properties of the organic working fluid and, to a lesser  extent, the meteoroid protec- 
tion requirements. Previous radiator designs have been characterized by round flow 
tubes, but in this application, the radiator a reas  become very large because of the 
large liquid film temperature drop, Therefore, a different approach to the conduction 
fin radiator was needed, one which was consistent in comparison of complexity with 
the vapor chamber fin concept, 
VAPOR CHAMBER 
STANDOFF 
CONDUCTION 
Figure 5-8. Offset Chamber Configuration 
The low flow rate  dictated by the Brayton cycle, coupled with the pressure drop re- 
strictions, made operation in the turbulent flow regime impractical. The Reynolds 
number for  round tubes can be expressed as: 
where: 
W~~~ = total flow rate 
II = viscosity of fluid 
D = tube diameter 
N = number of parallel flow tubes 
t 
For DC-200 in the temperature range of interest, the above relationship can be 
reduced to: 
Where W r y  i s  in lb/see and is in inches, From Figure 5-9, it can be seen that lo?: 
for  a reasonable pressure drop and a reasonable tube diameter, turbulent flow ogera- 
tion cannot occur with more than six parallel flow tubes, In order to keep the radiator 
dimensions reasonable with six or  fewer tubes, it is necessary to arrange the ff ow 
tubes in a serpentine configuration. This consideration results in a lengthening of any 
one individual flow path. The pressure drop relationship for this situation can be 
conservatively expressed for turbulent flow as: 
This equation assumes a 6-inch tube spacing and a fictitious radiator area assuming 
no fluid film te.mperature drop and a 100 percent fin efficiency. Imposing the 25 psi 
pressure drop restriction, Figure 5-9 shows that the number of tubes must be reduced 
to three for turbulent operation to be maintained within the pressure drop limit (point 1). 
The tube diameters necessary to reduce the pressure drop are  relatively large and 
tend to lower the convective heat transfer coefficient and present large vulnerable 
areas. The convective heat transfer coefficient, calculated fr0.m a f0r.m of the Dittus- 
Boelter equation, (Ref. 29) can be written for DC-200 as:  
k h = 0.023 - N 0.8 0.333 0.14 Btu D RE N~~ hr-ft2-OF 
where : 
k = liquid conductivity 
(for turbulent flow) 
N~~ = Prandtl number 
p = viscosity of bulk fluid 
g~ = viscosity of fluid at  the wall 
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Figure 5-9, Reynolds Number Verstrs IJydratrlie Diameter 
'The problem of redlrcing the DC -200 filwr temperature drop can be soivecl by departing 
from the romd "c-be d e s i g ~  audi providinig fj~med ducts v~hicl-? affer a la cge Ireat transfey 
area,  Although fluid flow uu~ust be in the laminar regime, the heat transfer coefficient 
in the ducts is kept reasonably high by reciiucirrg the 11ydraii?ic diemeter. The Lower 
limit assumed for  this design was a 0.010-inch spacing which corresponds to a 0.020- 
inch hydraulic diameter, 
The model for the finned duct conduction fin radiator is shown in Figure 5-10. The 
offset tube design, which takes advantage of the meteoroid "bumper" protection, re-  
duces the tube a rmor  required by the relatively large amount of vulnerable area f o r  
this design. A redundant loop was incorporated into the design by providing additional 
tubes which were alternated with the operating set of tubes, 
Small hydraulic diameters do not result in excessive pressure drops since the c ross  
sectional flow area in this design is much greater than that provided by one or  two 
round tubes. 
Using the following approximate relation for laminar flow, the convective heat trans- 
f e r  coefficient h, can be calculated where Dh is the hydraulic dia.meter of the flow 
passage and k the fluid thermal conductivity 
3.66 k Btu h = P 
Dh h r - f t 2 - O ~  
A comparison of the turbulent and convective heat transfer coefficients is shown in Fig- 
ure  5-11, By g0ing.h small hydraulic diameters, reasonable laminar heat transfer 
coefficients can be obtained. 
A more meanin@ul comparison between the round tube turbulent flow design and the 
Iam_inar flow finned duct desigm is shown in Figure 5-12 where the convective conduc- 
bnee  (product of convective heat transfer coefficient and heat transfer area)  i s  plotted 
Figure 5-10. Model for  Finned Duct Conduction Fin Radiator 
against the primary duct o r  tube vulnerable area. The fluid film temperature drop is 
inversely proportional to the convective conductance. The values of vulnerable a r ea  
per  tube length a re  in the range corresponding to acceptable round tube diameters 
obtained from Figure 5-9. The heat transfer coefficient associated with the round tube 
diameters a r e  given in Figure 5-11. The heat transfer a rea  for the finned duct was 
obtained using a 0,250-inch-long fin, 0.010-inch flow gap and a 0,005-inch fin thick- 
ness. The corresponding laminar heat transfer coefficient was obtained from Figure 
5-11, Figure 5-12 shows, for  comparable vulnerable areas ,  the finned duct is 
capable of drastically lowering the fluid film temperature drop, The significance of 
this effect i s  that smaller temperature drops result in shorter radiator lengths and 
less  total vulnerable area.  
5.2 PERFORMANCE ANALYSIS 
5.2.1 METHODOLOGY 
The conduction fin and vapor chamber fin radiators were designed with the aid of the 
Spartan 111 and Spartan VI  digital computer optimization programs. Both of these codes 
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Figure 5-11. Heat Transfer Coefficients for Laminar and Turbulent Flow 
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Figure 5- 12, Comparison of Convective Conducdanee for  I,a-minar 
and Turblxler~t Fl ow s 
provide minimuna weight prelirixlinary sadiabr desigms by simrrlb-neously solving the 
eqxrations for meteoroid s ~ ~ r v l v a l ,  heal, transfer and fluid flow, 
The Spartan IIT code, which has received extensive use in the analysis of round tube 
radiators, was modified to reflect the geometry of the more complex finned duct con- 
duction fin radiator. The pr0gra.m was revised to optimize all radiator parameters 
including the dimensions of fin thickness, length and spacing in the tube ducts. It is 
important to note that finned primary ducts were also required with the vapor chamber 
radiator to increase heat transfer from the fluid to the evaporator section. Spartan 
VI was developed specifically by General Electric to analyze a vapor chamber fin radi- 
ator employing several vapor chamber fluids. The Spartan VI code .divides the basic 
radiator panel into designated axial sections with the primary working fluid tempera- 
tures associated with each section. Each section may contain a different vapor chamber 
fluid and different geometric parameters determined by the optimization procedure. All 
fluid properties, including the primary working fluid, are temperature dependent. Pro- 
vision is also made for calculating the optimum amount of vapor chamber redundance 
for any input conditions. 
5.2.1.1 Heat Transfer Analysis 
(a) Vapor Chamber Radiator: The convective heat transfer coefficient for DC-200 
was calculated using the Sieder-Tate equation (Ref. 30): 
where: N = Nusselt number, hD /Is 
NU N 
N~~ = Reynolds number, D V p / p N 
N~~ = Prandtl nu.mber, C! y/k P 
I?_ = heat tra.nsfer eoeffieie-fit 
L = flow length 
b = fluid viscosity a t  bulk fluid te.mperature 
Idr w 
= fluid viscosity a t  wall temperature 
For convenience the last term, !&/b W) was set equal to 1.0, which is a 
good approximation when the driving force is small. The calculated heat 
transfer coefficient was used to predict the temperature drop to the pri.mary 
duct fins across the fluid laminar film. 
The duct fin efficiency was co.mputed from the following relation: 
where: L = height of fin 
X = fin parameter = h P/A k J
h = heat transfer coefficient 
P = fin perimeter 
A = heat transfer area  of fin 
k = fin conductivity f 
This relationship is true for fins with a low width to height ratio and assumes 
a uniform fin conductivity, heat transfer coefficient and bulk fluid temperature. 
The fluid laminar film temperature drop can now be written as: 
where: Q = heat to be transferred 
A F ~ N  
= fin heat transfer surface area 
The lack of experimental data for the many fluids investigated made the 
determination of the evaporator A T especially difficult to predict. The 
phenomena of evaporation is sensitive to the evaporator surface. Conse- 
quently, the performance on a screen surface, over a period of time at 
various heat fluxes can only be estimated. For many organic fluids in the 
nucleate boiling region, the A T can be calculated using the Cichelli and 
Bonilla correlation (presented in Sections 4.2 and 4.3): 
b J 
where: @/A) - evaporative heat flux 
(&/A) = peak heat flux 
P 
ATC = critical temperature drop 
n = experimental constant, 0.250 to 0.333 (0.300 
used in study) 
Cichelli and Bonilla also presented curves of and ATC (Figure 4-8) a s  a 
function of the reduced pressure. This correlation is directly applicable to 
pool boiling and represents a performance which is partially accurate for low 
temperature heat pipes (see Section 6.5). 
The remaining significant temperature drop in the vapor cha.mber is across 
the fluid condensing film. This temperature drop i s  significant because of 
the low thermal conductivity of organic fluids. For purposes of analysis, a 
temperature drop was assumed not to occur in the vapor phase during the 
condensing process. The condensing temperature drop was expressed as: 
where: Q = heat transferred 
k = tlierma] eon&ciivi"cy "f filln 
film 
I- = ot~tside radius of eondensirzg film 
0 
r = inside radius of eorldensing fr'lni i 
M = currsbi-4, ---- t~ account for ~~nequal  corrdensing distribution 
(= 3.0) 
The principle uncertainty concerning the condensing A T is the thickness of 
the condensing film, The reference design assumed a condensing film thick- 
ness of 0.010 inch; however, the effect of varying this parameter was 
investigated. 
The temperature of the fin directly adjacent to the vapor chamber was assumed 
to be equal to that of the outside cha.mber surface. In order to account for the 
temperature drop along the fin between chambers, standard curves for fin 
efficiency (see Figure 4-24) were used. 
(b) Conduction Fin Radiator: The temperature drops considered in the conduction 
fin radiator were: the A T from the bulk fluid to the internal tube fin root, the 
4 T across the armor and the AT between tubes along the conduction fin. The 
fluid laminar film temperature drop and the conduction fin efficiency were 
calculated in the manner explained for the vapor chamber fin radiator. The 
temperature drop across the tube armor is calculated by the Fourier equation 
for heat transfer: 
where: Q = heat transferred 
k = conductivity of armor A 
A = heat transfer area 
dx = length of heat path 
5,2.1.2 Meteoroid Analysis 
Both the vapor chamber fin and conduction fin radiators were studied for survival 
probabilities ranging from 0.99 to 0,999. This survival probability is an overall 
requirement and includes the secondary radiators a s  well a s  the primary radiators. 
Additioi-ally, t3s :Tzpcr chamber fin prixnaq and secondary radiabrs each have two 
components, the dlrets and heat pipe fins, These must be aeeomted for, 
The overall s ~ i r v i v a l  probabiliQ o i  a system is eciual do the multiple of the  iindividrral 
srlrvival probablfities wl?ich eons";itute that sysLLem, Therefore, the overall su rv rva l  
probabilities consist of lour principal compoaevnts for the vapor chamber fin and two 
zompoiients fijr "Jie conduction fin radiators, A further consideration is the distribution 
of the overall survival probability in  the most advantageous manner. Components having 
small vulnerable a r eas  o r  which can be easily protected due to the effect of redundancy 
should be given the more stringent survival requirement. The individual survival 
probabilities were distributed a s  shown in Table 5-1. The secondary radiators were 
given a higher survival probability than the primary radiators in such a ratio a s  to keep 
the a rmor  requirements nearly identical. The most advantageous probability distribu- 
tion between the primary ducts and vapor chambers was examined. The primary radi- 
ator weight was found to be fairly insensitive to this distribution and is shown in Fig- 
ure 5-13. 
TABLE 5-1. SURVIVAL PROBABILITY DISTRIBUTION 
Overall Survival 
Primary Radiator 
Ducts 
Chambers 
Secondary Radiator 
For the conditions assumed in the study, the meteoroid equation proposed by Loeffler 
(Sectioil 3.6)  reduces to: 
PRIMARY DUCT SURVIVAL PROBABlLlTY 
Figure 5-13. Effect of Survival Probability Distribution Between Ducts and 
Chambers on Vapor Chamber Radiator Weight 
% FAILURES 
F i g u r ~  5-14. EYCCSS Area Req~iired V e r s u s  Vapor Chamber Percent Failure 
(ABumjr~lrm. Fins) 
where: I; - I-equil-e[l a rmor  thickness 
a 
A = vulnerable area of armor (a2) 
v 
'P = mission time (days) 
P = design probability of no critical damage 
0 
The external area of the armor was used a s  the vulnerable area for both the primary 
fluid ducts and vapor chambers. 
The armor requirements of the primary fluid ducts was decreased by providing redundant 
loops for both the vapor chamber fin and conduction fin radiators. 
In order to keep the meteoroid armor requirements of the vapor chambers within reason- 
able limits, it is necessary to allow a certain percentage of failures which reduces the 
individual cha.mber survival probability. The relationship between the amount of addi- 
tional radiating area and percentage failureacan be calculated from the analysis shown in 
Section 4.3. The results a re  shown in Figure 5-14 for a 0.020-inch-thick fin with a 2- 
inch spacing between cha.mbers. 
5.2.2 RESULTS 
The comparison between the vapor chamber fin and conduction fin radiators was made 
over a range of radiator areas for several meteoroid survival probabilities. These 
investigations drew several fundamental conclusions about the relative characteristics 
of each radiator type. The accuracy of the analytical comparison was tempered some- 
what by two uncertainties concerning the vapor chamber fin calculations: the magnitude 
of the evaporator and condensing temperature drops. Consequently, the sensitivity of 
the vapor chamber fin radiator design to changes in these parameters was investigated 
and the results upon the comparison are presented. 
The variation of vapor cl~avnkrer fir? and conduction f i n  radiator weights a s  a fl~netion of 
area a re  shown in Figure 5-15 ancl 5-1 6 for  several survival probabilities, A t  sur'i/~vaL 
probabilities higher than 0,999, the vapor chamber fin radiator shows an advantage 
while the conduction fin radiator i s  lighter a t  survival probabilities of 0.99 and lower. 
The "ideal" area shown on these figures refers to a limiting situation in which the radi- 
ator is isothermal at any axial position around its circumference and no AT exists be- 
tween the primary fluid and the radiating surface. While the secondary radiator weights 
and areas have not been shown in Figures 5-15 and 5-16 the sa,me conclusions would be 
drawn with their inclusion. 
The vapor chamber fluids used in the analysis were n-pentane in the high temperature 
section and ammonia in the low temperature section; the dividing point corresponding 
to a primary fluid temperature of 1 8 0 ~ ~ .  Due to the decreasing surface tension of 
am.monia with increasing te.mperature, the capillary pumping requirements preclude 
the use of ammonia a t  higher temperatures. The characteristics of the reference 
designs a t  the 0.999 and 0.990 survival probabilities a re  presented in Tables 5-2 and 
5-3 .  
Weight of the conduction fin radiator, with its larger primary fluid duct vulnerable 
area,  is much more sensitive Lo changes in the overall survival probability. Although 
the vulnerable area of the vapor chambers i s  considerable, the redundancy incorporated 
into the design makes it possible to increase the overall chamber survival probability 
without large weight increases. This effect is shown in Figure 5-17 for an 85 percent 
chamber survival, The choice of an 85 percent chamber survival was based on struc- 
tural requirements of the radiator shown in Figure 5-18. At chamber survival proba- 
bilitie s greater than 85 percent, the conduction fin thiclcness necessary to provide 
meteoroid protection exceeds the structural requirements, At lower chamber survival 
fractions, the conduction fin thickness is reduced and rings must be added to provide 
the necessary siructural integrity, The rninirn~~.rn weight occurs a t  a survival fraetioll 
of apyroximakly O, 85, 
AREA,  FT' 
WEIGHT VS. AREA FOR 
CONDUCTkLON FFIM P R I M A R Y  R A D I A T O R  
AREA, FT" 
Figure E;-l6. Weight Versus A r e a  for Conduction Fin Primary Radiator 
TABLE 5-2. VAPOR CHAMBER RADUTOR CURtLCTERJSTZCS 
Primary Fluid Temp. Range, n-Pentane Section 
Primary Fluid Temp. Range, Ammonia Section 
Average Primary Fluid AT, n-Pentane Section 
Average Primary Fluid AT, Ammonia Section 
Average Evaporator AT, n-Pentane Section 
Average Evaporator AT, Ammonia Section 
Average Condenser AT, n-Pentane Section 
Average Condenser AT, Ammonia Section 
Length of n-Pentane Section, f t  
Length of Ammonia Section, f t  
Length of Chambers, in. 
Outside Diameter of Chambers, in. 
Number of Chambers 
Average Chamber Spacing, in. 
Chamber Wall Thickness, in. 
Required Duct Armor Thickness, in. 
Bumpered Duct Armor Thickness, in. 
Primary Duct Outside Height, in. 
Primary Duct Outside Width, in. 
Duct Fin Height, in. 
Duct Fin Thickness, in. 
Duct Passage Width, in. 
Conduction Fin Thickness, in. 
Average Primary Fluid Reynolds No. 
Average Primary Fluid Flow Velocity, ft/sec 
Primary Fluid Pressure Drop, 1b/ins2 
Total Weight 
Total Area 
Specific Weight 
0.999 Survival Probability 
Primary Secondary 
0.99 Survival Probability 
-- - - 
Primary Secondary 
TABLE 5- 3 ,  CONDIJC TION FIN RABaTOR GIURACTERISTIGS 
No. of Panels 
Total No. of ~ubes/Panel* 
No. of Passages/~ube 
Height of Passage, in. 
Width of Passage, in. 
Internal Tube Fin Thickness, in. 
Conduction Fin Length, in. 
Conduction Fin Thickness, -in. 
Fin Efficiency, % 
Inside Diameter of Header, in. 
Outside Diameter of Header, in. 
Required Armor Thickness, in. 
Bumpered Armor Thickness, in. 
Radiator Length, ft. 
Average Fluid Velocity, ft/sec. 
Average Reynolds, No. 
Pressure Drop, lb/in. 2 
Total Weight, lbs. 
Total Area, f t  2 
Specific Weight, lbs/ft 2 
/ 0.999 S u r v i ~ l  Probability 
Primary Secondary 
0-99 Survival Probabiliw 
*Half of these tubes are fed by each redundant loop. 
OVERALL PROBABILITY =0.999 
OVERALL PROBABl Lf TY -0.99 
Figure 5-17, Comparison of Vapor Gban~her Fin to Conducdiol~ Fin Prj mary Radiators 
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Fig-ire 5-18. Efieci of Chii1bi.r Siirvival Fraction on Radiator Weight 
'En bhe event tlli%t the evaporative lemperatrrre cirups predicted by Ciehelli and Bonila 
are not achievable, the effect of temperature drops 50 and 100 percent higher are  show1 
in Figure 5-19, Whereas the vapor chanzher radiator previously slnowrs a slight 
advantage at the 0,999 survival probability design point, it rapidly becomes noncompeti- 
tive if there is a significant departure from the predicted evaporator temperature drop. 
Similarly, the effect of the condensing film thickness on the radiator design was found 
to be important. These results are shown in Figure 5-20. Clearly, the experimental 
evaluation of these two parameters could change the analytical comparison shown in 
Figure 5-17. 
The importance of several of the ground rules on the radiator comparison was also 
examined; specifically, the sink temperature, the pri.mary fluid choice and the pumping 
penalty. The results of these perturbations a re  shown in Table 5-4. The use of water 
a s  a primary fluid measurably improved the weight and area of the conduction fin radi- 
ator, but had a significantly smaller effect on the vapor chamber radiator a s  depicted 
by Figures 5-21 and 5-22. However, the compatibility of water with any form of 
aluminum is questionable, The effect of sink temperature on both radiators is shown 
in Figures 5-23 and 5-24. 
The choice, during the working fluid selection phase of this study, of n-pentane and 
ammonia a s  vapor chamber fluids was subjected to scrutiny by using the Spartan VI 
optimization program to investigate other fluids. Other combinations that were studied 
are  : 
High Temp. Low Temp. High Temp, Low Temp. 
Section S ection Section Section 
1. Benzene + Ammonia 5. n-Pentane + Water 
2. n-Butane + Ammonia 6. Water + Water 
3. n-Pentane + Ammonia + Propane 
EF."fZ'E:@I4 EVAPORATOR TEl\%rpEIqA-f=URE DROFd (ON 
VAPOR GW,%rd[3EF;I FlPi PRIMARY RADlATOW 
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Figure 5-19, Effect oC Evaporabor Tempera-ture Drop on Vapor Glzamber Fin 
Pr imary  Radiaior 
AREA, F T ~  
Figure 5-20, Edect of Condensing Film TI-iicl~ness on Vapor Chanlher Fin 
Primary Radiator 
Of these combinations, all showed heavier weights and larger radiator areas except 
for the combination of water and ammonia. The present weight advantage offered by 
replacing pentane with water i s  negated by the incompatibility of water with aluminum, 
Results a re  presented in Table 5-5 and depicted graphically by Figure 5-25, 
A more complete understanding of the important parameters affecting the radiator 
weights was obtained by varying several of the parameters about the values specified 
by the optimization program. For the vapor chamber radiator, the variables which 
were perturbed are: duct fin thiclnless, fluid gap thickness, vapor chamber spacing 
and vapor chamber diameter, These results a re  presented in Figures 5-26 to 5-30, 
The v a p r  chamber diameter exerted the largest influence on both radiator area and 
weight (Figure 5-2 6). The parameters investigated for the conduction fin radiator a re  : 
the nrrmnber of fins per primary tube, fluid gap thickness, internal fin thickness and the 
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,re 5-22, Effect of Tube Spacing for TJay;c.,r Chamber Fin Primary mdiator 
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Figure 5-23, Effect of Sink Temperahre on Vapor Chamber Fin Primary Raclfsior 
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(;ON! 81 I G I I Q N  FIN PRIMARY I3ADlATOk 
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ze 5-21, Camgarison of Sink Temperature on Gol~duetion Fin Primary Radiator 
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Figure 5-25. Com~a-rison of Worlting Fluids for  TJapor &Ihambeb- Fill PL.illl;iry Radiator 
?'ABiiE 5-5, VAPOR CmMBEPi; FLUID EFFECT 
0,999 Overa 4 X w r v i ~ r a  1 Probz+~ bility 
FLUIDS P R I m R Y  SECTION 
-" 
High Temperature Section Low Temperature Section WT AREA hP 
Benzene Ammonia 506 386 8.87 
n- Butane Ammonia 466 377 9.14 
n- Pentane Ammonia, Propane 476 3 83 7,42 
Water Ammonia 450 3 84 8.63 
n-Pentane 
Water 
Water 
Water 
n- Pentane Ammonia 457 3 79 8.88 
number of tubes per panel. All of these para,meters affect the primary duct heat transfer 
which dominates the conduction fin radiator design; consequently, changes in these 
para.meters resulted in substantial variations in the radiator weight and area as  shown 
in Figxres 5-30 to 5-33. 
5 . 3  STRUCTURAL ANALYSIS 
5 .3 -1  GENERAL DISCUSSION 
A comparison was made between a vapor chamber fin radiator and a radiator with con- 
ducting fins designed to the same requirements. Both radiators were assumed to be 
load bearing so that the influence of structural requirements was reflected in the com- 
parison, This section presents the structural analysis used in determining the weight 
increments aattributable to structural requirements of both radiators, 
The maximum design loads for the radiators occur during launch, The two conditions 
of interest during the launch trajectory are the times at which m a ~ m u m  lateral and 
maxi-mum axial accelerations occur, The load faetors for  these conditions a re  a 
0 
PARAMETER: 
?pre 5-26, Effect of Vapor Chamber B.anleter for Vapor CI~&m~ber Fin 
P uirnary R:itiiat~r 
EFFECT OF TUBE S P A C I N G  FOR 
VksFQOK L1 I A M B E R  FIN PRIVUARY RADIATOR 
t-i 
d 
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Z'igx~rct 5-27, Effect of 'I"u'r,e Spacing for  V a p r  Cl?lmber Fin Primary Radiator 
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Figure 5-28, Effect of Primary Fluid Slot Width on Vapor Chamber ~~~~ 
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Figure 5-29, Effect of Duct Fin Tbieic~~ess for Vapor Ghan~ber F h  Prim-ary Radiator 
kaFFE67 O F  TUBE SPACING FOR 
COI~BL~CT~~ON FIN $K !MARY IZWU?EATOM 
PARAMETER: TUBE SPACING, IN. 
0 0,2 0-4 0.6 0 , 8  1.0 
FW4CTION OF PARAMETER OPTIMUM VALUE 
Figure 5-30, Effect of Tube Spacing for. Conduction Fin Primary Rad ia to~  
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Figure 5-32, Effect of i3.1rtt Fin ThickAess for  Condtrztioii Fiii Primary Radiator 
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Figure 5-33, Effect of ISumber of Slots Per T ~ b e  for Conduetion Pin Primary Radjator 
function of payload weight. For a payload of approximately 6000 pounds, the load 
factors for the Atlas-Centaur launch vehicle are: (Ref. 6). 
Axial Load Lateral Load 
Factor Bctor 
Maximum axial acceleration condition 6.2 0.3 
Maximum lateral acceleration condition 2.3 1.56 
The assumed spacecraft weight of 6000 pounds is based on an allowance of 1000 pounds 
for the radiator and 5000 pounds of equipment mounted above and supported by the 
radiator, 
For design purposes, the launch loads are most conveniently expressed in terms of 
equivalent axial load. 
where: P = equivalent axial load 
eel 
P = axial load 
ax 
M = bending moment 
R = radius of radiator 
Because the bending moment is a function of radiator length, the equivalent axial load 
is plotted for both launch load conditions a s  a function of radiator area in Figure 5-34. 
Radiator area is related to radiator length by assuming a diameter of 110 inches. For 
radiator areas greater than 200 square feet, the maximum lateral acceleration condi- 
tion is more critical. 
/ MAXIMUM U T E R A L  
WCGE LERATIBN 
/ MAXIMUM AXIAL 
ACCELERATION 
2 
RADIATOR AREA, FT. 
F igure  5-34, Launch Loads on Radiator 
'The loads s h o w  in Figure 5-34 are ultimak loads, inincluding a Factor of Safety of 1,225, 
The radiator areas and correspnding design loads wed in the ~ L r ~ ~ t u r z r l  ana ysis are: 
2 Equivalent Area (ft ) Shear Load (lb) Axial Load (lh) 
Conduction fin radiator 475 
Vapor chamber fin radiator 508 
The material used for structural elements of the radiators is assumed to be 6061-T6 
with the following properties (Ref. 31) : 
Ultimate tensile a = 42,000 psi 
tu 
Ultimate yield B = 35,000 psi 
ty 
6 Modulus of Elasticity E = 9.9 x 10 psi 
The radiator temperature during launch is assumed to be 2 0 0 ~ ~ .  At this temperature, 
the reduction factors on yield strength and elastic modulus are 0.92 and 0.98, respectively. 
5.3.2 CONDUCTION FIN RADIATOR 
The conduction fin radiator as  a structural element can be regarded as  a stiffened shell 
in axial compression, with the tubes acting a s  longitudinal stiffeners. The radiator was 
analyzed using the CRASS computer code. This code, which was written specifically for 
the structural analysis of radiators, considers local and panel instability modes as  well 
a s  general instability, These failure modes are defined in Figure 5-35, Although 
buckling of the skin between stiffeners i s  permitted in many aerospace structures, it is  
not permitted in the analysis presented here because the radiator may have a relatively 
brittle coating on its surface for high eunittance. 
Local Instability 
Crippling 
General Instability 
DE FINITION 
Buckling of the skin between the boundaries 
formed by the longitudinal and circumferential  
stiffeners 
Buckling of the longitudinal stiffeners by 
bowing into one o r  more  longitudinal halfwaves 
between circumferential stiffeners 
The final ultimate compressive failure of a 
longitudinal stiffener which has a sufficient 
support to prevent panel instability 
The simultaneous buckling of skin, longitudinal 
and circumferential stiffeners;  the mode may 
be asymmetr ic  (diamond shaped buckles) o r  
axisymmetric (convolutions) 
Figure 5-35. Failure Modes 
A s  j,avS, of khc a ~ a i y s j s  performed by the dSRASS cnmnputer program, "che spacing of 
circ~usrferentiaZ stiBening rings is dete~~rn'mod l o  msill-tain a -positive Margin  of Safety 
in panel instability, and the rings are sized according to dl-te Shanley eriterla (Ref, 321, 
The radiator, i~icluding the added stiffening rings, is then a,naiyzed for general in- 
stability using relations derived by ~ e c k e r  and Gerard (Ref. 331, The stresses and 
Margin of Safety for a radiator with the cross section shown in Figure 5-36 a r e  
summarized: 
Ultimate design stress: 2929 psi 
Local instability stress: 10,100 psi 
Panel instability s t ress  : 2955 psi 
General instability stress: 13,200 psi 
Margin of Safety: 1. % 
Minimum spacing of stiffening rings: 37 in. 
From the previous analysis, it is determined that a total of three stiffening rings, 
weighing 8 ,9  pounds, a re  required in addition to the attachment rings a t  the top and 
bottom of the radiator, and the ring joining the primary and secondary radiators. No 
additional longitudinal stiffening is required. 
An analysis of the co~lduction fin secondary radiator revealed that no stiffening rings 
were required for this comparatively short section, 
5 , 3 . 3  VAPOR CHAMBER FIN EtCIDUTOR 
The structural capability of the vapor chamber fin radiator lies primarily in the six 
coolant ducts which act a s  longerons. The vapor chamber fins have negligible stiffness 
in the axial direction, but contribute to the overall shear stiffness of the radiator, 
Buckling of the vapor chamber fins must be prevented, not only to avoid damage to the 
coaling, but also to prevent ~ ~ r p t r ~ r c l  of t h ~  vapor chamber titbcs, 
2 
'l'he eoolai~t duets shown kr Figure 5-31 hdve a cross sccliollaI a r e a  of O 6  ii8G in* and a 
4 . .  
~-~zomnen"cf inertia of GO, 0747 irr, ; li sing data prese~~tcd in Figure 5-35 the axial stress 
in each duct (imgcron) i s  
0 = = 24,000 psi 
x 6 x 0.686 
To prevent buckling of the ducts a s  an Euler column (Ref. 34) lateral support must be 
provided at spacing no greater than: 
where: L = column length 
C = fixity factor, assumed 2 
E = elastic modulus 
I = moment of inertia 
P = axial load 
From this relation the maximum spacing allowed is 30 inches, As will be shown, the 
stiffening rings required to prevent buclding of the vapor chamber fins are more closely 
spaced than those of the conduction fin radiator. 
The analysis of shear loads in vapor chamber fins can account for the bending stiffness 
contributed by the vapor chamber tubes in the lateral direction by considering an 
equivalent flat plate thickness. For the cross section shown in Figure 5-38a, the area 
4 
i s  0.0559 in. and the moment of inertia is 0.00069 in. . In the lateral direction 
(parallel to the vapor chamber tubes), the equivalent thiclmess is 0.181 inch, while in 
the axial direction the equivalent thicbess call be taken conservatively as that of the 
fins alone, 0,021 inch, The combined equivalent thickness is: 
DIMENSIONS IN INCHES 
a- - - 
PRIMARY RADIATORS 
OVERALL SURViVAL 
PRQBAB~ kaav =0.999 i .884 I 
Figure 5-36. Cross Section Through Conduction Fin Radiator Duct 
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PRIMARY RADIATORS 
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PROBABI LITV =0.999 
Figure 5-39, Gross Section Through Coolant Duet of Vapor Chamber Radiator 
The critical shear buckling stress (Ref, 34) is: 
where: k = buckling coefficient (9 for simply supported edges) 
E = elastic modulus 
= Poisson's ratio 
b = radiator panel matrix width (see Figure 5-38b) effective in resisting 
shear loads 
Equation 5-16 can be reduced to the following: 
Assuming that the shear load is carried entirely by the two panels parallel to the direc- 
tion of the shear load, the shear stress is :  
where: P = shear load 
a = full panel width, 57.5 inches (based upon 110-inch hexagonal panel 
envelope) 
'eff = effective panel thickness 
The "effective" thiclcness used in this relation is  not the "equivalent" thickness based 
on bending stiffnesses, but simply a measure of the average cross sectional area, 
PRlMARV RADIATOR 
OVERALL SUWVBVAL 
P R Q W A B ~  i l T V  2-8.999 
DIMENSIONS IN INCHES 
Figure 5-38a. Cross Section Through Vapor Chamber Tube and Fin 
Figore 5-3Pb Radiator Panel Matrix 
0,055'7 
'c =-- 2 
- 0,0398 in, 
eff 1 -4  
Using an unsupported panel matrix width of 1.06 inches, which is the distance between 
vapor chambers, the critical shear stress can be calculated from Equation 5-16: 
2 
0 = 278,000 psi CR 
Therefore, the induced shear stress is far  below the critical. 
In order to achieve a moderate margin of safety stiffening rings were added every 10.7 
inches rather than the maximum allowable of 30 inches. 
As a further check, the critical buckling stress of the fins between the tubes was cal- 
culated. Using Equation 5-16 and a k of l. 0 the critical buckling stress is: 
0 CR 
= 31,900 (i. e. , not critical) 
The following stresses and margin of safety are present with this design: 
Axial stress in longeron: 
Shear stress in vapor chamber fins: 
Shear buckling stress between rings: 
Shear buckling stress between tubes: 
Margin of Safety: 
Column bucltling stress of longeron: 
24,000 psi 
2,380 psi 
2,700 psi 
31,900 psi 
1.3% 
40,200 psi 
i", total of I 9  wtigeraing rings in the priwrarjr and seeonciary vapor ela~raber weighing 89 
pomds, are required in acldition "c the atbe;hmen"i;rings at the Cop and bottom of We 
fin radiator, radiator and the ring jo i~~ing the primary and secondary sections, 
The preceding analysis indicates that the coizduction fin radiator is more suitable than 
the vapor chamber radiator as  a load bearing structure, However, in either case, the 
weight of additional stiffening material required to enable the radiator to serve a s  the 
primary spacecraft structure is less than the wight that would be required for a 
separate structure. 
The stresses in the radiator during launch are generally governed by buckling, well 
below the ultimate strength properties of 6061-T6. It may be concluded, therefore, 
t ha t  the selection of alloy and temper is not critical. The implication to manufacturing 
considerations is that it .may permit the use of 6061 in the as-welded condition where 
heat treatment after welding is  difficult. 
The results described were obtained for radiators with survival probabilities of 0.999. 
These structural relationships applied to the 0.99 survivability cases indicated that the 
structural requirement is nearly proportional to radiator area. The conduction for 
radiator tube spacing can be decreased to improve fin efficiency, the additional weight 
to be added nearly equated by the increased structural capability of the tubes and the 
reduction in meteoroid protective armor. 
FABRICATION AND ASSEMBLY 
5.4.1 VAPOR CHAMBER FIN RADIATOR 
The vapor chamber fin radiator layout and design details a r e  shown in Figures 5-39 
and 5-40. A concept for fabrication and assembly is given in steps 1 through 8 below. 


61,4,1,1 - -- S'f E P  -- - 1 -- - Primary - - Coolant - - - - - Rrtct -- --- (Figure 5-41) 
The duet earlying the priniary coolant (19C-200) is I ~ I ~ ; c M ~ E c ~  from aluminum bar, 
5.4,1,2 STEP 2 Internal Fins (Figure 5-42) 
The internal fins a re  shown as  they would be fabricated by chem milling. Internal fins 
would not necessarily be continuous for the length of the duct. Alternate concepts would 
be to form corrugation from sheet material, or to machine slots in duct. If the fins are  
made as a separate assembly, they must be joined t~ the duct for good thermal con- 
ductance. Soldering or  brazing could be used for this joint. 
5.4.1.3 STEP 3 Assembly of Coolant Duct (Figure 5-43) 
Assembly of the coolant duct is completed by welding in tubing connections for the feed 
lines and welding cover plates and end plates to the duct. 
5,4.1.4 STEP 4 Vapor Chamber Tubes (Figure 5-44) 
The vapor chamber wicks are  installed in the tubes with wire retainers. A plug is 
welded in one end and a pinch-off tube in the other. At this point, the vapor chamber 
may be checked for  leaks and performance, but final charging with fluid must be done 
a t  a later stage in the assembly sequence. 
5.4.1,5 STEP 5 Fin Assembly (Figure 5-45) 
Supports for  the vapor chambers a re  welded to the fins. 
5,4.1.6 STEP 6 Panel Assembly (Figure 5-46) 
The coolant ducts, vapor chamber tubes, and fin assemblies are joined in a panel 
assembly by brazing. The vapor chamber tubes will be brazed into holes in the cool- 
ant ducts, and to tube supports on the fin assembly, Edges of the fin assembly will be 
brazed to the eoolant duets. 
\HOLE5 FOR FEEb b\hlL5 
Figure 5-41. Vapor Chamber Fin Radiator Assembly Sequence Step 1 
,,,,,- CHEM M L L ~  FIN5 
Figare 5- 42. Vapor Chamber Fiaz Radiator Assembly Sequence Step 2 
Figure 5-43. Vapor Chamber Fin Radiator Assembly Sequence Step 3 
VAPOR CHAMBER TUBE 
Figure 5-44. Vapor Chamber Fin Radiator Assembly Sequence Step 4 
SUPPORT 
Figure 5-45. Vapor Chamber Fin Radiator Assembly Sequence Step 5 
VAPOR CHAMBER TUBE 
F i p r e  5-46, Vapor Chamber Fin Radiator Assembly Sequence Step 6 
5,4,1., 7 STEP 7 Fx-s-irne hssernbh (Fiarrre 5-47) 
assembled as a riveted frame, 
5.4-1.8 STEP 8 Final Assembly (Figure 5-48) 
- 
Final assembly of the radiator consists of riveting the individual panels to the frame 
assembly, Structural attachment beheen the primary and secondary radiators i s  
completed by bolting the end plates of the coolant ducts together, 
5.4.2 CONDUC TPON FIN RADUTOR 
The conduction fin radiator layout and design details a re  shorn in Figures 5-49 and 
5-50. A concept for  fabrication and assembly i s  given in steps 1 through 6 below. 
5.4,2.1 STEP 1 Parts  Fabrication for Coolant Duct (Figure 5-51) 
Each coolant duct is made up of four elements: a machined channel, internal fins, a 
cover plate, and bushings for inlet and outlet connections, The internal fins a r e  shown 
a s  they would be fabricated by chem milling. Alternate concepts would be 4x1 form 
corrugated fins from sheet material, o r  to machine slots in the channel, 
5.4.2.2 STEP 2 Assembly of Coolant Ducts (Figure 5-52) 
The internal fins are  soldered into the channel for good thermal conduction. A suitable 
solder for this joint would be a 95% zinc, 5% aluminum composition, An alternate would 
be to use aluminum brazing. The assembly of the ducts can now be completed by 
welding the bushings to the cover plate, and the cover plate to the channel. Remelting 
of the solder during welding would be tolerable provided the duets remain level and 
significant flow of the solder does not occur. 
5,4,2,3 STEP 3 Assembly of Panel Headers (Figure 5-53) 
The panel headers a re  formed tubes with bushings for pigtail connections to the tubes, 
A 3  joints are weliked, ineluding the plug in the dead end, 
Figure 5 -41  Vapor Chamber Fin Radiator Assembly Sequence Step 7 
Figure 5-48. Vapor Chamber Fin Radiator Assembly Sequence Step 8 


SEE DETA\b: A 
Figure 5-51. Con&ction 2% Radiator Assembly Sequence Step I 
~i~~~ 5-52- r:o,dllt,ion Fin lildiaior *s~'"Y sequent" S ~ P  
Figpre 5-53. Conduction Fin Radiator Assembly Sequence Step 3 
5,4,2,4 I STEP I _ 4 Ati;aehm~nt of Fins (lyigvrr: 5-54) Y_I 
The tubes are mieidecl to Uze fi l ls, D e b i l  A s l l o ~ s  the ~~7el.d joint tha-t wotnIsl; be used if 
the fin were ~na,de from a sii-ngie sheet, The alternate joint shown af;lo~"r~s a s-irnple~ 
weld, but requires more jigging becarise the fhs a r e  made up of s series of strips,  
The Z rings for structural stiffening are-riveted to the fins and cut out to clear the 
tubes . 
5.4.2.5 STEP 5 Pigtail Connections (Figure 5-55) 
The tubes a r e  connected to the inlet and outlet headers with short "pigtail" sections of 
tubing. The pigtails a r e  welded to the bushings in the headers and tubes with a portable 
tube welder having a n  orbiting head. Alternate joining techniques a r e  brazing, solder- 
ing o r  adhesive bonding. The headers for each panel a r e  supported by clamps and 
brackets rivetted to the fins. There a r e  inlet and outlet headers for each of the two 
redundant loops, 
5.4,2.6 STEP 6 Final Assembly (Figure 5-56) 
Final assembly of the radiator consists of riveting the individual panels to attachment 
rings and riveting longitudinal splices between panels. The "Z" ring sections on each 
panel would also be spliced by riveting. 
5 , s  WEIGHT COMPARISON 
The weight summary presented in Table 5-6 compares a vapor chamber fin radiator 
with a conduction fin radiator. The s i g ~ f i c a n t  ground rules for  the comparison a r e  
listed in  Table 5-7. 
a, 
The a rea  penalty of 3 lb/ft was inclucled a s  a means of incorporating the effect on the 
system weight of the presence of additional radiator area,  In reality this penalty is 
made up of added shroud, structure,  f iEngs ,  piping insulation, etc, 
cci-r- O(3-T cC9rC--\ 
C. o O I Q  M T -  f 3 L i C - T  
ALTERNATE 
R\UG TO F\M 
Figure 5-54, Conduction Pin Radiator Assembi~~ Se(~rle~ice Step 4 
PiGTA\L (TWP) 
WELD (TYP)  
C L A M P  
B ~ A C K E T  
=\VET 
SEE DETA\L: A -"' 
Figure 6-55, Condrrctlon Fin Radiator Asszmb!y Seqizerrce Step 5 
SECONDARY 
RAD\ AT0E 
\--MOUMTIMG ~ I M G  
(TYP, Q PLACES) 
-. 
r.lgure 5-66. Conduction Fin Radiator Assembly Sequence Step 6 
'TABLE 5-6, RADIArrOR LVEPGFIT SUMMARY (LB) 
Survival Probability 
Primary Radiator 
DC-200 ducts 
Internal fins 
Duct bumpers 
DC-2 00 coolant 
Headers 
Fins 
Vapor chamber tubes 
Wicks and coolant 
Vapor chamber supports 
Panel splice joints 
Interface rings 
Stiffening- rings 
Secondary Radiator 
Basic radiator 
Interface rings 
Stiffening rings 
Panel splice joints 
Total Weight (lb) 
Area, primary 
secondary 
*See Table 5-1 for  radiator ground rules, (The 0.999 eases were considered to 
be the baseline radiator desigm, ) 
TRBHJE 5- 7, GR*OUNJIS RtlLES FOR HADlt4TOR WElbHT COM PARSSON 
Primary heat rejected 12.39 1cVJ t 
Secondary heat rejected 2.19 kWt 
Inlet tem.perature, pr imary 2 8 8 ' ~  
Inlet temperature,  secondary 1 1 8 ° ~  
Sink temperature --1ool? 
Emissivity 0-85 
Meteoroid survival probability 
(one of two DC-200 loops surviving) 
Survival t ime 
Area penalty 
0,999" 
0.99 
5 years  
Shroud envelope 110 in. dia. 
Launch loads: Correspond to  Atlas-Centaur trajectory with 5000 
pound m a s s  mounted on top of radiator 
(6000 pound m a s s  includes radiator) 
"Combined probability for  both pr imary and 
secondary radia tors ,  divided as follows: 
Pr imary :  0,9992 0,992 
Seconclarg : 0,9998 0,998 
SECTION 6 
VAlWOR CHAMBER TES'F PROGRAM 
6 .1  GENERAL DISCUSSION 
The prime objective of the radiator design study was to identify a promising Brayton 
cycle vapor chamber radiator. To achieve this objective, it was necessary to design 
and evaluate representative vapor chamber/fluid configurations for  inclusion in  the 
preliminary radiator designs. Working fluid selection and lizaterials compatibility 
testing was performed a s  described in Section 4, The Radiator Design is described in 
Section 5. This section is prepared for the purpose of describing the vapor chamber 
Oleat pipe) test prograin. 
Before a detailed discussion of the test  program, a brief discussion of typical vapor 
chamber operation and significant test  parameters is presented. 
Consideration of the physical phenonleaa occurring within a vapor chamber reveals that 
three internal temperature drops a re  induced by the energy transfer process: the evapo- 
rative temperature drop a t  the heat input section, the axial temperature drop in the 
vapor, and the condensing temperature drop. For the fluids and the temperature levels 
of interest, the static pressure loss in the vapor is  small so that the axial vapor tem- 
perature drop is negligible. Therefore, only two temperature drops were measured ana 
of these the evaporative AT was expected to be sigiiificantly larger,  
Data for  pool boiling heat fluxes versus the boiling AT have been obtained for n~any 
fluids including water and various organic liquids. These investigations have shown 
the dependence of the boiling teuzperat~~re drop on both the heat flux and absolute tem- 
perature levei, Rohsenow (Ref, 35) has presented this data for water and Cichelli and 
BoniI!a (Ref, 3 6 )  werc able to correlate these relationships lor  many org-ztnics with an 
exnpl'ricai expression, In all eases, the AT showed a logarithmic relaGio~zsMp to the 
heatflux, i t  is also true that the boiling BT was sensitive to the fluid temperature level 
due to the variation in the eq~~ilibriun~ vapor pressure and density w-ith lemperature, 
Illcreasing the temperaiure level resdts i f n  a decrease in the boiling AT for the same 
heat flux; this phenomena is especially magnified at  small values of reduced pressure, 
The condensing temperature drop arises from the temperature loss across the vapor- 
liquid interface and from conduction through the condensate film on the walls of the pipe. 
For the fluids under consideration, the relatively poor thermal conductivities make the 
latter effect the more significant of the two. The difficulty in analytically predicting 
the value of the condensing temperature drop becomes one of estimating the liquid film 
thickness. For the situation in which the condenser walls are  lined with a wick the 
condensate film thickness can be assumed to be equal to that of the wick thickness. In 
the case of the cruciform wick, the average condensate film thickness in a one-g en- 
vironment beco,mes extremely difficult to predict. The low heat fluxes in the condenser 
section can be expected to yield small AT'S, a s  co.mpared to the boiling AT. 
6.2 TEST PROGRAM OJBECTIVES 
The objectives of this test program were to: 
1. Produce single vapor chambers capabie of operation in the temperature range 
of 20 to 350 '~  using several selected working fluids for various portions of 
this total range 
2. Demonstrate the operation of the vapor chamber for the conditions and 
geometry defined previously 
3, Test these vapor chambers to evaluate internal fluid dynamic and heat 
transfer performance compatible with performance requirements of the 
radiator design and predicted analyses by achieving objective 2 above, 
Although the main objective of the test was the denLonstration of the operation of the 
vapor chamber for the condit;ions and geometry defined earlier in the program, a 
substantial effort was made to obtain experimental data which would reasonably support 
the performance predicted by the phenomena described in Section 6.1. 
The testing of the single vapor chambers was specifically directed toward determining 
the following operating characteristics: 
1, The evaporative temperature drop AT 
2. The condensing temperature drop ATc 
3. Limiting nucleate boiling heat fluxes 
4. Vapor temperatures 
5. Fluid pumping capabilities 
The fluids used in the test program were selected from the results of the "Thermal 
Testing of Candidate Vapor Chamber Working Fluids" discussed in Section 4. 
Ammonia, water, benzene and n-pentane were tested with the cruciform wick design 
and benzene was again tested with the "C" wick design. 
6.3 VAPOR CHAMBER TEST CONFIGURATIONS 
6 .3 .1  DESIGN CONSIDERATIONS 
The design of the test vapor chambers reflected the knowledge gained in previous parts 
of this study and was also influenced by the practicalities imposed by instrumentation 
requirements. The length of the test vapor chamber was determined by the interaction 
of the radiator with the launch vehicle. A change in radiator design could have resulted 
in shorter or  longer chambers; however, the design chosen was shown to be optimum 
from thermal and structural considerations. Cylindrical vapor chamber geometry, a s  
opposed to a rectangular cross section, was chosen because of the inherent internal 
pressure strength advantages of this design. 
The vapor chamher cdrarr~et~r has been s i ~ o m  do exert a sizairle effect on the radiator 
weight and area, Ikcreauing &he vzpor ~ ' k a ~ n b ~ r  Cijew~?~;e~' ~ P S I I I ~ S  in a reduet5011 (45: 
vulnerable area 4.0 mekoroscl penetration wit31 the aeenciant IOPS in armor weight, Bow- 
ever, insufficient vapor flow area can cause sig~ificai~t frictions1 p r e s s ~ r ~  drops in 
the condensing vapor with a reductionein the effective radiating temperature. The 
parametric analyses described in Section 5,2 showed a vapor chamber inside diameter 
of 0.300 inch to be optimum from the standpoint of system weight. For the test vapor 
chamber, this diameter was increased to 0.500 inch in order to facilitate instrumenta- 
tion procedures. 
The design of the test vapor chambers was influenced by a number of additional factors. 
A low vapor velocity is desirable to avoid reflwting condensate entrainment in the vapor 
flow. Low vapor velocities also permit simpler, lighter-weight r e f l ~ x  capillary struc- 
tures (wiclts). A criterion used is the Weber number which is based on liquid phase 
surface tension, a, reflux capillary characteristic dimension, d, vapor velocity, V, 
and vapor density, pv. The expression,obtained is 
If this parameter is less than one, the vapor flow dynamic entrainment forces in the 
reflux flow a re  less than the surface tension forces, 
Liquid refluxing must occur in sufficient quantities to continue vaporization of the con- 
densate a t  the evaporator (heat input) end of the vapor chamber. Insufficient refluxing 
will cause thermal runaway and eventual burnout of the heated wick. Design factors 
aiding the refluxing process and likewise the heat pipe operation can be ide r red  by an 
analysis of the fluid pumping equations. These relations have been presented in 
Section 4, 
6,s- 2 VAPOR CHAMBER DESIGN 
Vapor eha~vrbers of two dgfereiit design esdigxaratiorzs were  selected for the  test pro- 
gram, Both designs were based ouu the same tube diameter and leng3h dimensions as 
shown in Figure 6-1. The differences were in the w:ck design. 'Japor chamber Design 
No. 1 employed a cruciform refluxing wick (FiguFe 6-1) and chamber Design No, 2 a 
"C" wick (Figure 6-2). Tube material in all cases was 6061 aluminum except for the 
chamber where water was employed as  the working fluid. A copper tube was used in 
this case. Tube end closures were 3003 aluminum with the exception of the water heat 
pipe, which used 304 stainless steel. Wicks were fabricated from aluminum with stain- 
less steel wire cloth for the water chamber. 
The designs selected do not necessarily represent the optimum cha.mber/wick configu- 
ration insofar a s  wick design, chamber size, material choices or performance a re  
concerned. They are,  however, selections of proven capability, and considered repre- 
sentative of the types of chambers that would be used for space radiators operating in 
the low temperature regime. 
6.3.2.1 Cruciform Wick Design 
The cruciform wick design incorporates a five-layer 130 x 130 mesh alunlinum cruci- 
form refluxing wick and a three-layer cylindrical evaporative wick fitting tightly between 
the heated portion of the tube wall and the four legs of the refluxing wick (Figure 6-1). 
The advantages of this design are: 
1. It leaves a high percentage of the wall area available for direct condensing 
heat transfer through the thin film of liquid formed on the wall. 
2. I t  exploits the axially short multiple layered ring evaporative wick which has 
proven to have very good vaporizing performance. 
The effective spacing between the layers of refluxing wick i s  approximately 10 mils, 
6,3,2,2 "C" Wick Design 
P 
The "C" wick design is a conventional 150 x 150 mesh sfkinless steel cylindrical wick 
of 20 layers fieing against the tube wall along the entire "she %en@, An axial gap 
occurs in this wick along the entire length over appi-iixhxately 3/16 in, of the 'cube 
periphery a s  shown in Figure 6-2. This gap is intended to facilitate access of the 
vapor to a portion of the cooled wall and eliminate the necessity for transferring all 
the rejected heat through the twenty layers of wick. With minimum inventory the film 
of condensate covering the wall area of this gap is, a t  the gap center, quite thin. The 
average effective interlayer spacing of the "C ' I  wick is approximately 0.003 inch. The 
"C" wick design requires no reflux flow transition beheen refluxing and evaporative 
sections because the wick is co,mmon throughout the length of the tube. Better reflux- 
ing characteristics can be expected. 
6.4 TEST PROGRAM 
6.4.1 TEST SET-UP 
The test loop a s  configured for each vapor chamber test is shown schematically in 
Figure 6-3. An actual photograph of the test set-up in operation is shown in Figure 6-4. 
The vapor chamber is mounted within a heat exchanger through which is flowed Coolanol 
15 heat transfer fluid. A second heat exchanger is included in the loop which is used 
for removing heat from the Coolanol. The second heat exchanger is connected to a shop 
a i r  line and also to a liquid nitrogen dewar, so that either a i r  o r  cold nitrogen can be 
used a s  a coolant. All flow tubing with the exception of the portion of the loop between 
inlet TCI and outlet TCO thermocouples i s  wrapped with heating cable and is lagged with 
insulation. As much as 50 watts of power can be applied to thc evaporator section of 
the vapor chamber by a copper heater block with embedded cartridge heaters. The 
heater is designed to split into two halves that are  clamped around the evaporator section. 
Figpre 6-1. Capsule Vapor Chamber 
Test Unit 
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Figure 6-3 .  Flow Schematic Vapor Chamber Test Unit Brayton Cycle Radiator 
Epre  6-4. View of Test Loop 
r;'rg~xre 6 - 5 si~ows Ibe test vapor ehan11,es ins-tzilcd in t h b  h e u  vchanger wi ththe heatex 
clampeci at  i k  evaporation end, The disnssewSi~f1 heat e.xclranger imit is sho rn  in 
Figtlre 6-6 together with the vapor eha~nber scaling glands and heater bhocli, The heat 
exchanger and sealing glands serves as a marGfo?d for. the Coolas~ol. The CoolanoZ is 
forced through the series of holes into the inner chamber which completely surrounds 
the heat rejection section of the vapor chamber, After passing over the chamber, the 
Coolanol exits through another series of holes into the exit side of the loop. 
The complete heat exchanger, heater and vapor chamber assefiibly were carefully insu- 
lated and contained inside the steel box shown in Figure 6-4. 
6.4.2 INSTRUMENTATION 
The test loop instr~unentation consisted of a rotameter type flowmeter, various t h e r m -  
couples, a wattmeter for measuring input power, and data recording equipment. 
The flowmeter was inserted in the Coolanol line to measure coolant flow. Flow im- 
mersed sheath type thermocouples were inserted in the vapor chamber test unit inlet 
and outlet flow streams. Flow through the flowmeter was measured as  a function of 
temperature and percent reading. The percent reading directly related to heat transfer 
capability of the coolant for a specified flow and inlet temperature. 
A sheath-type therlnocouple was clamped in a notch between the vapor chamber and one 
of the heater block halves. It measured the temperature of the heater/vapor chamber 
interface. Three thermocouples were attached to the vapor chamber itself with leads 
projecting through the two access flanges shown in Figure 6-5 (Part No. 11 was not 
used and the thernlocouple was amched .to the tube wall a t  this location), This latter 
thermocouple was used to measure the chamber vapor tern-perahwe, and was used in 
place of a thermocouple in the well shown in the evaporator en6 tube closure in Figure 
6-5, The thernlocouple location was changed a s  i t  was found that the well wall was in 
better thermal eonhct with the heater block than with the vapor so the vapor temperature 
Egure 6-5. Heat Exchanger Assembly 
Vapor Chamber Test Unit Brayton 
Cycle Radiator 

was okib,inaed from the insulated portion of the chamber wall  beyond the end of the heat 
exchanger, 
The "two thermocouples opposite the access flanges (Fig-we 6-5) measured the vapor 
chamber cooled wall temperature. All thermocouples were chromel-alumel type and 
were carefully calibrated over the operating range. This was accomplished by use of 
an oil bath and a mercury thermometer accurate to 0.5'~. Attachment of the vapor 
temperature and cooled wall te,mperature thermocouples to the chamber wall was ac- 
complished by use of epoxy because no reliable procedure for spot-welding chro.me1- 
alumel thermocouple wire to aluminum was found. 
6.4.3 TEST PROCEDURE 
Performance tests were made with each working fluid (ammonia, water, benzene, 
n-pentane) utilizing the cruciform wick design in a horizontal and tilted position. Only 
benzene was tested with the "C1' wick. Fluid inventory of the vapor chambers tested 
was as follows: 
Benzene 35cc 
Heat input power to the cruciform wick vapor chambers was applied at  three levels: 
12.5 watts, 25 watts and 50 watts. These settings correspond to an input heat flux of 
2 9200, 18,400 and 36,800 ~ tu /h r - f t  , respectively. 
Heat losses could occur in several locations, such as  the heat lost from: 
I. The heater directly to the insulation, steel case and ambient air  
2,  The vapor eharnkr to the heat exchanger shell 
3 ,  From tho Coolanol fluid atlrough the flow tubing before a r r ivhg  at the 
therwloeorrpie j ~ m e t i o ~ r s ~  
A determixidion of heat loss -,liss mzde by measuring i d e t  to outletAT at a stable oper- 
ating point where the Coolanol temperature was maintained essentially constant with 
no heat input from the heater to the vapor chamber. A series  of tests a t  input power 
levels of 0, 12.5, 25 and 50 watts were made a t  a nearly constant average Coolanol 
temperature. For these various power levels a t  these conditions the losses remained 
substantially constant. Output power computation including losses, measuring the 
product of Coolanol flow rate, inlet to outlet AT, density and specific heat, was usually 
within one watt of the input power. A conclusion to be made is that losses direct from 
the heater bloclr; to the ambient a i r  were apparently very small compared to the losses 
from the heat exchanger shell. 
Vapor cha.mber performance tests in the horizontal position were completed before 
tilting. The sequence in the horizontal position included initial testing a t  a power level 
of 12.5 watts operating a t  a selected low vapor temperature by adjustment of the Coolanol 
inlet temperature. After stabilization and taking of measurements, the inlet tempera- 
ture was adjusted to increase the vapor temperature in several steps over the range 
specified for testing and within the limits of the test hardware. The test program was 
designed to evaluate performance of ammonia vapor chambers with vapor temperatures 
a s  high a s  1 5 0 ~ ~ ~  The vapor temperature range for the other fluids was limited from 
0 150 to 300 F. Increases in power level were made after the range of vapor tempera- 
tures were achieved for the previous power level setting. 
Stabilization of Coolanol inlet and outlet temperatures required a t  least an hour for each 
setting because of the low flow rate and the large quantity of heat stored in the heat ex- 
changer a s  compared to the heat input rate, Vapor chamber heat transfer AT'S (heater 
block temperature minus vapor temperature, and vapor temperature minus cooled wall 
temperature) stabilized much more rapidly than did Coolanol temperatures. 
The only change jn procedure fur ttlc Isenzerre "C" viijck coudig~ration~ ir~volved the 
I~nzi&tion GE hpu t  poiver levels 411~ I s  heat transfer bumliout of the T~eated wick at 
2 
approx~n~ately 18,000 ~ t u / l l r - f t  with the fixed size heater block, Accordingly, input 
power levels of 12. ti, 18,75 and 25 &zits were used t o r  this vapor cE~ai~ibei test. 
Following testing in the horizontal (level) position the vapor chambers were tilted 
(evaporator end high) by one diameter (1/2 inch), Figure 6-7. The primary purpose of 
these tests was to evaluate the pumping (refluxing) capability in an environment that 
more closely approximates zero g, 
TILT ONE DlAMETER 7 
HORIZONTAL 
Q IN 
Figure 6-7. Vapor Chamber Tilted Position 
For test purposes, it was assumed that good refluxing of the fluid in the chamber a t  
normal operating power levels when tilted one diameter i s  reasonable evidence of po- 
tential zero g operability. The procedures used inthe tilted tests usually involved the 
application of heater power at 25 o r  50 watts for a duration sufficient to monitor and 
determine the heater block and vapor temperature, In cases which burnout of the 
evaporator wick occurred (the heater block temperadxwe rose with no change in the 
---. vapor temperature), lower power levels were used and/or the chamber tilt was lesselled 
until per-formace became normal, These tests were follobved by a determinaMon of 
minimun~ fluid invenhory levels, Vapor was incrementally bled off from the tube until 
heater bloclq kmperature increased uncontrollably, Inventory was then determined by 
weighing, 
6.5 TEST RESULTS 
6.5.1 TEST DATA 
The successful transfer of energy from the heater block to the Coolanol demonstrated 
the feasibility of the low temperature vapor chamber Brayton cycle radiator concept. 
In particular, ammonia and water were shown to possess excellent capillary pumping 
capabilities. Although n-pentane and benzene exhibited marginal pumping capabilities, 
it seems reasonable to conclude from the analytical predictions (refer to Section 4) 
that these fluids could provide acceptable refluxing capability. This .might be achieved 
by different wick geometries and/or .materials. A partial substantiation of this idea 
was provided by the test of the "C" wick with benzene. Better anti-gravity refluxing 
than the cruciform design was demonstrated during the test. 
Tables 6-1, 6-2 and 6-3 present the total reduced data taken during the test period. 
The evaporative and condensing heat flux values given are  based on the input power and 
the tube inside wall area of the evaporative and condensing sections of the vapor cham- 
ber. This practice was followed after verifying that there were minimum losses of 
heat from the heater block as  there was a close check (within 1.5 watts in all cases) 
between input power and output power, where output power was a product of Coolanol 
flow characteristics. The condensing AT is based on the average differences between 
the vapor temperature and the temperature of the cooled tube wall a s  measured by the 
two tube wall thermocouples. The evaporative AT is based on the difference between 
the temperature of the thermocouple wedged between the heater block and the tube, 
and the thermocouple on the insulated tube wall outside the cooled section of the vapor 
chamber. 
TABLE 6-1, STANDmD INVENTORY LEVEL POSITION DATA 
CRUCIFORM WIGIS: HEAT PIPES 
214.3 50.0 36,800 696 20.4 1 .2  
IJATER 
230.7 12 .5  9200 174 9 .3  0.3 
238.6 25.0 18,400 348 11 .9  0.7 
246.0 50.0 36,800 696 19 .8  1 .2  
274.2 12 .5  9200 174 9 .2  0 .3  
280.7 25.0 18,400 348 12 .3  0.6 
295.0 50.0 36,800 696 20.5 1 . 3  
53.5 12.5 9200 174 8 .4  0 .5  
58.2 25.0 18,400 348 10 .2  1.1 
68.4 50.0 36,800 696 15.7 2.5 
97.2 12 .5  9200 174 7.8 0.6 
AMMONIA 103 .3  25.0 18 ,400 348 9 .1  1 . 2  
93.5 50.0 36,800 696 15 .5  2.5 
132.0 12 .5  9200 174 7.5 0.5 
140.1  25.0 18 ,400 348 8 .5  1 . 2  
144.6 50.0 36,800 696 13 .5  2.4 
155.8  12 .5  9200 174 14.0 1 .5  
164.4 25.0 18,400 348 20.1 2.9 
178.3 50.0 36,800 696 27.2 5.6 
230.7 12.5 9200 174 13 .8  1 .4  
237.6 25.0 18 ,400 348 19 .4  2.9 
251.0 50.0 36,800 696 23.1 5.6 
Over- 
a l l  
ATt  
TABLE 6-2. TILTED, REDUCED INVENTORY OPERATING POINTS CRUCIFORM WICK 
WATER 
mom 
BENZENE 
bTv 
T w a l l - T ~ , ~ o r  
Evapora t l v e  
T (OF) 
Tc 
Tvapor-Twall 
Condensing 
T (OF) 
Over - 
a l l  
a ~t ~ R K S  
50 w a t t s  i n p u t  power 
was a p p l i e d ,  and 
measured d a t a  i n d i -  
c a t e d  no change i n  
o v e r a l l  performance 
from l e v e l  opera t ion .  
The r e s u l t s  demon- 
s t r a t e d  c a p a b i l i t y  f o r  
operat ior ,  i n  z e r o  g. 
25 w a t t s  i n p u t  power 
was a p p l i e d ,  and 
measured d a t a  i n d i -  
c a t e d  no change i n  
o v e r a l l  performance 
from l e v e l  opera t ion .  
Resu l t s  g i v e  evidence 
o f  good o p e r a b i l i t y  
w i t h  minimum inven- 
t o r y  i n  z e r o  g .  Min- 
imum inven to ry  1 0 . 2 ~ ~  
Thermal runaway a t  25 
& 50 w a t t s  i n  So t i l t .  
50 w a t t  k0 tilt oper- 
a t i o n  s u c c e s s f u l .  Zero 
g  o p e r a b i l i t y  i n c l u -  
s i v e .  Minimum opera-  
t i n g  inven to ry  was 
20.1 c c  
*Wick S a t u r a t i o n  Level  - 1 5  c c  
TABLE 6-3. BENZENE "C" WICK GONFIGmATION HEAT P I P E  PERFORMANCE 
(TILTED 1/2 INCH, 30 ee INVENTORY) 
--- 
Operation a t  25 wat ts  was 
only poss ible  w i t h  vapor 
temperature of qearly 300QP 
Limiting f a c t o r  appeared 
t o  be t h e m 1  burnout of 
evaporative wick a s  tilt 
Ninimm inventory was 
30 cc and i s  approxbaeei j -  
sa tu ra t ion  Level 
an t i -g rav i ty  refluxing p e r -  
formance a t  25 w a t t s ,  
E 
The evaporative terrrperabre drops recorded at  the vapor chamber inpuhection were 
Iower than those predicted by the? CfchetXi znd Bor14lEa correlation, These mexpected 
results cordd not be eqlained by the boiling nzec~n i sms  described in the literature 
for p o i  boiling, AIthough it is possible that the presence of the wick is improving the 
evaporative heat transfer, no plausible mechanism has been advanced to support this 
explanation. In addition to the deviation from the expected results, the test data did 
not show the sensitivity of the AT with the absolute temperature level. A comparison 
of the experimental data with the correlation of Cichelli and Bonilla for organic fluids 
and with Rhosenow's data for water i s  shown in Figures 6-8 through 6-11. 
The fact that the evaporator AT'S were very small indicates that nucleate boiling was 
present to some degree. Conduction through the evaporator liquid with evaporative 
mass transfer would have imposed AT'S an order of magnitude greater than that experi- 
enced due to poor fluid thermal conductivities. However, a substantial portion of the 
evaporator apparently did not experience nucleate boiling as  "burn out" did not occur 
even in the tilted operating position. This implies the existence of capillary forces 
which would not be present if the only mass transfer mechanism were boiling, There- 
fore, the mass transfer phenomena occurring in the evaporator was judged to be a 
combination of nucleate boiling and evaporation. 
The data obtained for the condensing temperature drop is shown in Figure 6-12 for the 
cruciform wick. As previously stated, this te.mperature drop is caused primarily by 
conduction through the condensate film. 
Using the Fourier conduction equation, which is accurate a s  long as  the film thickness 
is small, the condensate film thickness is equal to: 
where k I s  the efhetive thermal condueti~ty of capillary structure an q/A is the heat 
Bm, 
0 14.1 cc INVENTORY. TILTED 
112 IN. ( 2 5 ~ ~ ~ )  
~ 7 4 ~ ~  VAPOR TEhlPERATURE 
5 1 5 7 ~ ~  
d 2 8 1 " ~  
Figure 6-8. Water Heat Pipe (Cruciform Wick Configuration) 
Thermal Flux Versus Evaporative AT 
Egure 6-9. n-Pentane Heat Pipe (Cruciform Wick Codiguration) 
Thermal F!IIX Versus Evaporative AT 
F i w e  6-10. Benzene Heat Pipe (Cruciform wick Coniiluration) 
Thermal Flux Versus Evaporative AT 
'I'ire results obtained are SILCP~~~EI in Ta lde 6- 4 below, 
TABLE 6-4, COMDENSATF: FF:r"ifi 'I'SYCKN ESS 
f Film ~ k i c ~ m e s a ,  in, I 
Figure 6-13 shows the overall AT versus the evaporative heat flux for the benzene "C" 
wick configuration. 
6.5,2 TEST ACCURACY 
The source of the discrepancies observed between the test data and the data found in 
the literature cannot be determined precisely. The most likely explanation for the 
disparities would appear to be in the readings of the thermocouples a t  the heat input 
section and in the vapor space, The two thermocouples attached to the condenser wall 
showed good agreement, The reasonable and consistent data obtained for the condensing 
AT infers that the vapor temperature measurement is fairly accurate; e r ro r s  of several 
degrees in this measurement still could not explain the evaporative AT discrepancies 
without contradicting the results for the condensing bT1s. Poor thermocouple contact 
a t  the heat input section would explain the difference between the test data and the data 
cited in the literature. Insulation heat losses may also be a contributor. 
Figure 6-12. Test Data (Cruciform Wick Configuration) 
Condensing Heat Flux Versus Condensing AT 
a 1 4 9 ° ~  VAPOR TEMPERATURE 
8 1 5 2 ~ ~  
A 2 9 E 0 ~  
3 0 0 ~ ~  
@ 29$F  
(1/2 IN. T I L T  30  CC INVENTORY ALL DATA)  
T - T COLD W A L L  (OF) 
Figure 6-13. Benzene Heat Pipe ("C" Wick Configuration) 
Thermal Fiux Versus Oversll AT 
6 , 6  'TEST' CONCLUSIONS 
The following eonelusions presented are primarily based upon an evaluation of the ob- 
jectives as  defined in S~~bsection 6.2. 
1. All working fluids tested exhibited satisfactory performance in the level posi- 
tion with the cruciform wick vapor chamber a s  identified in Figure 6-1. 
2. The "C" wick vapor chamber, Figure 6-2, operated satisfactsrily. Its heat 
transfer performance is not expected to be as  good as  the cruciform wick in 
the level position due to the somewhat higher condensing AT'S through the 
liquid/wick layer on the tube wall. 
3, The "C'! wick vapor chamber exhibited better refluxing capability than the 
cruciform wick in the tilted position, 
4. The cruciform wick vapor chamber exhibited questionable zero g performance 
with n-pentane and benzene working fluids. This observation indicates that 
the cruciform wick presents a higher flow resistance path than the "C" wick 
design. Since n-pentane and benzene possess only marginal pumping capability, 
these fluids were affected significantly by the cruciform design. An implica- 
tion of this result is the possibility that the space between the smooth pipe 
wall and f irst  wick layer (not present in the cruciform design) provides a low 
resistance return flow path. 
5. Ammonia and water exhibited the lowest overall AT and a re  expected to offer 
the best heat transfer performance. The comparatively high thermal conduc- 
tivities of water and ammonia are responsible for this result. n-Pentane's 
test performance was good except for inconclusive zero "g" operability. 
6. Better instrumentation, in particular vapor temperature, is required to ac- 
curately determine AT and ATV Insulation heat losses are difficult to 
accurately .measure. C 
7. Temperatures obtained at  the evaporator were probably somewhat inaccurate 
due to somewhat poor thermal contact. 
0 
8. A.mmonia is a good working fluid for operating temperatures up to 150 F and 
showed good compatibility with aluminum. 
9. Configurations considered for the flight or test systems should not be limited 
to the cruciform or "6" wick designs, The "C" wick design could be incor- 
porated with a different evaporator configuration. 
VAPOR CHAMBER RnUuTOR EVA1,TJATION AND CONCLTJSTONS 
7 , l  GENERAL 
The purpose of this program was to identify a promising Brayton Cycle Vapor Chamber 
Radiator capable of operating in a zero gravity environment. The design derived from 
the study was then to be eval~iated with a comparable conduction fin radiator to deter- 
lliine whether significant performance advantages could be obtained. 
Detailed results of the evaluation of fluids, materials,  radiator design and perfornlance 
a r e  contained in Sections 4, 5 and 6 .  This section contains a summary of the evaluations 
and conclusions to be made. 
7.2 EVALUATION CRITERIA SUMMARY 
0 Selecting the operating working fluids for the range of temperatures from 20'to 350 F 
involved a number of evaluation criteria. The key parameters of interest a r e :  
1. Fluid Performance 
a ,  Evaporative AT 
b, Condensing AT 
c. Zero g and one g refluxing capability 
d. Moderate Vapor Pressures 
e. Thermal stability and operation over prescribed temperature ranges and 
heat fluxes of pviniary and secolidary radiators. 
2,  Compatibility with aluminum 
The r.acliati>r design eunrparisor: evaXuaLion criteria i s  eovnprisecl primarily oi "the 
Coilowing : 
1, Radiator weight and area 
a ,  Thermal efficiency 
b. Meteoroid survival probability 
c .  Structural capability 
d. System pumping power penalty 
2. Fabrication 
a. Complexity 
b. Degree of difficulty 
7.3 EVALUATION SUMMARY 
The evaluation of the candidate working fluids for compatibility with aluminum resulted 
in the following selections: 
GOOD COMPATIBILITY INCOMPATIBILITY 
Ammonia 
Benzene 
Propane 
n-Butane 
n-Pentane 
n-B eptane 
n-Nonane 
Freon 11, 113 
Toluene 
Water 
Alcohols 
Pyridine (CP-32) 
CP-34 
Material compatibility was considered an essential requirement and thus fluids judged 
incompatible with slunzinum were elin~inated from final consideration, 
An evalrlatjon of fluid thermal. ~rforn~ance charae"&risi;ies independe~~t of material in- 
compatibility provided the following fluid selection (Table 7-1). 
TABLE 7-1. FLUID SELECTION 
Satisfactory refluxing 
Comments 
The final selections made, considering all the criteria, indicated that a use of n-pentane 
i s  most desirable for the high temperature regions of the primary radiator. Ammonia 
was clearly the choice for low temperature sections of both the primary and secondary 
radiators. Although water exhibited excellent performance over a wide range of oper- 
ating temperatures, i t  could not be considered due to its known incompatibility with 
aluminum . 
The evaluation of the vapor chamber radiator using the chosen working fluids against 
the comparable conductioil fin radiator provided a number of interesting comparisons, 
A design point cornprison of the two radiators is shorn  In Tables 7-2 a d  7-3,  The 
two radiators were designed with eq~riva lent materials and overall thermal perform- 
ance, Tliereforo the characteristics which afforded a direct crix~parfson Inere t h e  
effect on radiator weight and area when pammeters such as survival probabilitgr and 
thermal efficiencies (evaporative AT and condensing AT) were varied, 
The vapor chamber radiator was noticeably sensitive to two parameters: 
1. Evaporative QT 
2. Condensing AT 
The vapor chamber radiator is 12% lighter than the equivalent conduction fin radiator 
with a survival probability of 0.999, but proved to be 14% heavier at a probability of 
0.99. The apparent crossover point is at 0.998. The insensitivity of the vapor cham- 
ber radiator to the changes in meteoroid survival requirements is due to the redundancy 
afforded by the large number of chambers and the fact that the primary fluid is con- 
centrated in a few ducts. The conduction fin radiator, however, presents a significantly 
larger amount of vulnerable duct area since the fluid is constrained to flow in many 
small tubes. 
The values selected for the evaporative and condensing ATf$ as  discussed in Section 
5.2.1 were derived using the Cichelli and Bonilla correlation. The results obtained 
during the test program indicated a reasonable correlation; however, values could be 
expected to vary considerably depending on the design of the system, If the evaporative 
BT were to increase by 100% whicl~ may be a reasonable assumption, a 17% increase in 
weight and an 18% increase in area could be expected of the vapor chamber radiator. 
A similar effect is caused by the change in condensing QT when the film thickness is 
increased by 100%; the weight is increased 9% while the area increases by 4%. 
Most other parameters varied had little effect on the overall weight or area of the 
ra.diator, 
TABLE 7-2. DESIGN POINT SUMMARY COMPARISON 
(Overall S c r v i v d  Probability = 0.999) 
TABLE 7 - 3 .  DESIGN POINT SUMMARY COMPARISON 
(Overall Survival Probability = 0.99) 
1)csign Point Sii11lnl:lry of 
V:ipor Cham1,cr- Fin Rndiator ('l~lir;lctcristies 
-- 
Pr imary  Scconclan~ 
R:~di:itor Radiator 
- -
i icquirrmcnts 
Dcsign Point Summary of 
Conduction Fin Radiator Charac.teristics 
- 
Pr imary  Scconcl.lr) 
Radiator Rlrdi:ilor 
-- .- 
Requirements 
'Thcrinlll Ilc,nt I<rjcetion, i;LVl 12.  :>O 2.19 Thermal Heat Rejection, kWt 12.39 2 .19  
Pr imary  ?lui(l I'vmper:iti~rv Inlcl-Outlet, OF' 288-1;-1 llS-G& Pr in~l i ry  Fluirl Temperature lnlrt-Outlet, O F  288-G-! 1 1 b-(i-l 
T3:lcI;grounO 'i.rnipc.r:ltiirc. O F  -10 -10 B:lck~roiincl Tcmperaturc,  O F  -10 - I (#  
S~irvivnl I ' rols,~l~il i l~ nt .j \ c a r s  0.992 0.998 Survival Probability a t  5 \-ears 0.9D" 0. i)!:h 
- - -- 
---A- 
D t n s i g  Dcsc ription Desigm Description 
lligli l 'crnpcmtiirc ILlilid 11-Pcntanc Nonc R:lcIiator Oittside Diameter, Ft. 9 1 
Lon- 'l'i,mpcr;iturc Fliiirl i~miiionia Ammonia Radiator L e n o h ,  Ft. 12.0 1.2: 
Rndiator Outsidc Diameter, Ft. Siimbcr of Fluid Ducts 60 :; (i 
I?a(liator L ~ n g t h ,  1%. Duct Spacing, In. 5.2 8.  S 
Chanil~c r l,i.n:t.ih, In. 2c;. 2 Fluid P.1ssagc.s P e r  Duct I 0  11 
Vapor Charnl~cr I. D. , In. 0.M0 Fluid Passage Wiclth, In. 0.010 0. 0105 
Nu,iil,rr oi Vapor Ch~ni l lc  r s  1612 437 Duct Conduction Fin Thickness, In. 0.005 0. 606 
Avcragc Vapor Chamher S~xicing, In. 1.32 1.54 
Prim3ry Fliiid I'assngc LYitlth, In. 0. 01::7 
IJrimary Duct Condiiction 1:in l 'hichless, In. 0.005 0.005 
I'crCormancc Dais > Performance Data 
I ' l~ysicl~l Radiator Area,  Ft- ::ii 127 Physical R:idiator A r m ,  Ft2 244 122 
Fluid P r e s s u r e  Drop, PSI 10.8 Primnry ?lilid Press i i rc  Drop, PSI 8.88 3.8 7. .: 
l‘cmper:iturc Ilrops, Tcmpcraturc Drop, 'I: 
High 'i'en1pcr:lturc Section 4 : :  
1 . o ~  Temperature Scction 15  1 :I 
-- 
- -I -~ -- l\rcight Tnbi~lation Weight Tabulation Pr imary  Fliiicl Di!cts Il(i. 0 2 1 5  Flilid Ducts 1 (i4 ? i 
'Lr3iwr Chaml>crs 13,:. :19. 9 Conduction Fins '2 7 !,l 
33. 2 i .  (i Conduction Fins 112.7 Iicaders 
Pancl Splice Joints 15.7 5. 2 Panel Splice .Joints 
1nterf:lce Ringr 11.8 12.8 Interface Rings 4 2 1 (i 
Stiffening Rings (is. B 2:?. 3 Stiffening Rings 
T o h l ,  Lb 455 145 Total ,  Lh 441 i.:T,. 0 
--- -- -. -- - - 
A stnachxral analysis perfornzed (Section 5.3) indicated the conduction fin radiator to 
be a better s"iruct?ilra,l member than the vapor chamber radia-tor, However, the marg3n 
of difference was snlatl and in either.case the weigh_t of additioaaal structural rnernbers 
required to scpport a 6000-p3und paylcttd radiator was less  than the weight reciuii;ed 
for a separate structure. 
An evaluation of fabrication processes required for each radiator indicates no major 
advantages exist for  either radiator. However, considering that each radiator requires 
the fabrication of finned ducts, the additional co.mplexity of fabricating the vapor cham- 
bers  gives the advantage to  the conduction fin. 
The requirement for the fabrication of finned ducts for  each radiator is due to the use 
of DC-200 organic working fluid a t  low flow rates. The finned duct provides the neces- 
sa ry  large heat transfer area required to reduce surface film temperature drops and 
increase overall radiator efficiency. The use of a higher performance primary fluid 
would possibly eliminate the need for  extensive duct fins and substantially reduce the 
design and fabrication complexity of both radiators, in particular the conduction fin 
design. 
7.4 CONCLUSIONS 
Several overall conclusions result  f rom the study: 
1, The Vapor Chamber Radiator offers no significant advantages over a more 
conventional conduction fin design for  the Brayton cycle application. 
2, Both radiators seem to be about equal in weight and area  a t  a survival proba- 
bility of 0.998. At higher probabilities, the vapor chamber radiator seems to 
be lighter and smaller,  while a t  lower probabilities the conduction fin radiator 
is lighter and smaller. However, the differences in weight and area a r e  less  
than 20 percent over the range of probabilities f rom 0.990 to 0.999. 
3. Both radiator designs represent significant fabrication difficulties. The con- 
duction fin radiator duct design i s  complicated by the poor heat transfer and 
flow properties of DC-200. The vapor chamber radiator has the same require- 
ment in addition to a large number of heat pipes (vapor chambers), 
4, Vapor chamber fluids counpai,ible with alumrnm are available in the Brayton 
cye:e tezzpera trrre range, 
5, Of the fluids tested, am2ionia is the best worlniag fluid for vapor chlrabers 
operaiiag at temperatures below 1 5 0 ~ ~ .  A t o p r a t i w  temperatures above 
1 5 0 ° ~ ,  water is the best worliing fluid on the basis of performance ealcula- 
tions. However, since water is ineompatible with aluminum, n-pentane was 
selected for this temperature range. 
6. Structural problems were not significant for the 6000-pound load considered. 
7. The vapor chamber radiator is relatively insensitive to meteoroid survival 
probability; whereas, the conduction fin radiator is very sensitive. 
8. A start-up investigation of these radiators was not performed. 
2 9. The specific weight for both radiator types ranges between 1.0 and 1.5 lb/ft . 
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FLU ID : Propane C3W8 
MELTING POINT: - 305-9 O F  
BOILING POINT: - 43.8 O F  
CRITICAL PRESSURE pC: 618 psia 
CRITICAL TEMPERATURE: 206.2 O F  o 
L ~ Q U ~ D  THERMAL CONDUCTIVITY:* 0.07 Btu/hr-ft- F 
MEAT O F  L D U I D  VAPOR VAPOR LIQUID VAPOR L D U I D  S U R F A C E  
T E M P E R A T U R E  VAPORIZATION D E N S I S Y  DENSITY P R E S S U R E  VISCOSITY VlSCOS1TY TENSION 
F BTU/LB LB /FT LB/FT~ P S I A  C E N T I P O I S E  C E N T I P O l S E  DYNE /CM 
_- 
20 166.3 33.67 0.526 55.5 0.138 0.0072 13.0 
+data sources listed at end of Appendix B 
*estimated 
f-i u9 D 
t 
P - ( P - ( d r d  
T A B U L A T E D  V A L U E S  O F  F L U  ID P R O P E R T I E S  
FLU ID : n-Pentane 
M E L T ~ N G  POINT: - 201.5 O F  
B O ~ L ~ N G  POINT: 96.9 O F  
CRITICAL PRESSURE P ~ :  489.5 psia 
CRITICAL TEMPERATURE: 385.9 O F  
H E A T  OF 
T E M P E R A T U R E  V A P O R l Z A T I O N  
F BTU/LB 
L O U  ID V A P O R  V A P O R  
D E N S I T Y  DENSIT3Y P R E S S U R E  
LB /FT LB/FT PSIA 
39,7 0 . 0 7  5 a 5  
36,P 0 . 4 4  35.8 
34,1 0 . 8 7  75 -5  
31,7 1 , 6  147 
28,9 2.9 253 
LIQUID 
V I S C O S I T Y  
C E N T l P O l S E  
VA P O  R L R U I D  S U R F A C E  
V I S C O S I T \ (  TENSION 
C E N T l P O B S E  DYNE /CM 
- 
. . 
. . 
U k! a 
w 2 
M a 
3 : 2 
w 2 
L T W  
a C 
T A B U L A T E D  V A L U E S  OF F L U  ID P R O P E R T I E S  
F L U  ID : 
MELTING POINT: 64.6 O F  
B O I L I N G  POINT:  
CRITICAL PRESSURE P ~ :  362 psia 
CRITICAL TEMPERATURE: 565 O F  
L ~ Q U I D  THERMAL CONDUCTIVITY: .06 ~tu/hr-ft-OF 
H E A T  OF LIQUID V A P O R  L R U l D  V A P O R  LQeJ ID SURFACE V A P O R  
TEMP5 RATU RE V A P O R I Z A T I O N  D E N S  I 3 Y  D E N S I T Y  P R E S S U R E  V I S C O S I T Y  V I S C O S I T Y  TENSION 
F BTU/LB LB /FT LB/FT~ P S l A  C E N T I P O I S E  C E N T l P O l S E  DYNE /cI\,~ 
SO 158.5 4 5 . 3  0 .0007  0 .03  0 .83  23,9 
T A B U L A T E D  V A L U E S  O F  F L U I D  P R O P E R T I E S  
F L U  ID : Benzene C H 6 6 
M E L T ~ N G  POINT: - 42 O F  
BOPLING P O I N T :  176 O F  
CRITICAL PRESSURE P ~ :  7 1 4  psia  
C R I T I C A L  T E M P E R A T U R E  : 553 O F  
0 
LIQUID T H E R M A L  C O N D U C T I V I T Y :  0.0 8 Btu/hr-ftW F 
H E A T  O F  L R U I D  V A P O R  V A P O R  L Q U  ID V A P O R  L W U I D  SkB RFACE 
T E : M P E R A T U  R E  V A P O R I Z A T l O N  D E N S I J Y  D E N S I T Y  P R E S S U R E  V I S C O S I T Y  V I S C O S I T Y  TEINS ION 
- 
F BTU/LB LB h~ LB/FT~ P S l A  C E N T I P O I S E  C E N T l P O l S E  DYNE /CM 
- 
z 
Lo- 
o:? 
-J-gm 
r d O o p l c 9 m  
, " n : b a c , a m - 3  
rd rl 4 i-4 r-4 
Did 
u3 
v 
LA LA 
0 0 
a) 
C m c n  
T A B U L A T E D  V A L U E S  O F  F L U  ID P R O P E R T I E S  
FLUID: Freon 11 CC13F 
MELTING POINT: - 168 O F  
BOILING POINT:  74.9 OF 
CRITICAL PRESSURE pC: 639 psia 
C R I T I C A L  T E M P E R A T U R E :  388 O F  0 
LIQUID THERMAL CONDUCTIVITY: 0 - 05 8 ~t~/hr-f t- F 
H E A T  O F  LIQUID V A P O R  V A P O R  LIQU ID V A P O R  L R U  D3 S U R F A C E  
T E M P E R A T U R E  VAPORIZATION D E N S l r  D E N S I T Y  P R E S S U R E  V l S C O S l T Y  V I S C O S I T Y  TE:NSION 
F BTU/LB LB h~ LB/FT~ P S l A  CENTIPOISE CENT~POISE DYNE /CM 
---

T A B U L A T E D  V A L U E S  O F  F L U l D  P R O P E R T I E S  
F L U  ID : 
M E L T I N G  P O I N T :  
B O l L l N G  POINT:  
Methyl Alcohol, Methanol CH30H 
-. 144 OF 
+ 148.4 OF 
CRIT~CAL PRESSURE pC: 1155 p s i a  
C R I T I C A L  T E M P E R A T U R E :  464 OF 
0 
LlQUlD T H E R M A L  CONDUCTIVITY: 0.12 Btu/hr-ft- F 
H E A T  06 LIQUID VA P O R  V A P O R  LlQU lD V A P O R  L R U  ID SURFACE 
TE MPklRATU RE V A P O R I Z A T j O N  D E N S I 5 Y  D E N S I T Y  P R E S S U R E  V I S C O S I T Y  V I S C O S I T Y  TEPJSBON 
F BTU/LB LB /FT LB/FT~ P S l A  C E N T T P O l S E  C E N T l P O l S E  DYNE /CM 
- 
T A B U L A T E D  V A L U E S  O F  F L U I D  P R O P E R T I E S  
F L U  ID : 
M E L T I N G  P O I N T :  
E t h y l  Alcohol, Ethanol CW3CH20H 
n 
BOILING POINT: 173 O F  
C R ~ T I C A L  PRESSURE P,: 927 ps ia  
U 
C R I T I C A L  T E M P E R A T U R E  : 
0 
LIQUlD T H E R M A L  C O N D U C T I V I T Y :  0.11 Btu/hr-ft- F 
H E A T  O F  LIQUID V A P O R  V A P O R  LIQUID V A P O R  LKQU ID SU WFACE 
G E M P g R A T U R E  V A P O R l Z A T l O N  D E N S I I Y  D E N S I T Y  P R E S S U R E  V I S C O S I T Y  V I S C O S l T Y  T E N S  ION 
F BTU/LB LB h~ LB/FT~ PS IA C E N T I P O I S E  C E N T l P O I S E  D Y N E  /CM 
T A B U L A T E D  V A L U E S  O F  F L U I D  P R O P E R T I E S  
TE M P F  RATU R E  
F 
FLU ID : Isopropyl  Alcohol,  Isopropanol CH3-CH-OH-CH 3 
M E L T I N G  P O I N T :  - 127.8 OF 
B O ~ L I N G  POINT: 180.3 OF 
CR~TICAL PRESSURE pC: 779 ps ia  
CRIT~CAL TEMPERATURE: 462.5 OF 
0 
L i a u r o  THERMAL CONDUCTIVITY: 0 - 09  B t ~ / h r - f  t- F 
H E A T  O F  LIG?UID V A P O R  
VAPORIZATION D E N S I S Y  DENSIT? 
BTU/LB LB h~ LB/FT 
V A P O R  
P R E S S U R E  
P S l A  
LKfUID V A P O R  LIQUID SURFACE 
V I S C O S I T Y  V I S C O S I T Y  TENSION 
C E N T l P O l S E  C E N T I P O I S E  DYPE /CM ,- 
T A B U L A T E D  V A L U E S  O F  F W  ID P R O P E R T I E S  
FLU ID : Pyridine N:CHCB:CHCH:CN 
MELTING POINT: - 43.6 O F  
BOILING POINT: 241 O F  
CR~TICAL PRESSURE pC: 817 p s i a  
CRITICAL TEMPERATURE: 657 OF 
0 
LIQUID T H E R M A L  C O N D U C T I V I T Y :  0.09  Btu/Hr-ft- F 
H E A T  O F  LlQUID V A P O R  V A P O R  LlQU ID V A P O R  LKals lD SURFACE 
T E M P E R A T U R E  V A P O R I Z A T l O N  D E N S I J Y  D E N S I T Y  P R E S S U R E  V l S C O S I T Y  V I S C O S I T Y  T E N S  ION 
F BTU/LB LB h~ LB/FT~ PS IA C E N T I P O I S E  C E N T l P O l S E  D1fNE /CM 
50 222 5 9 , 1  0 .0025  0 .176 0 .975 39 ,8  
T A B U L A T E D  V A L U E S  O F  F L U I D  P R O P E R T I E S  
F L U I D :  
M E L T I N G  P O I N T :  
B O I L ~ N G  POINT: 
- 
C R I T I C A L  P R E S S U R E  PC: 
C R I T I C A L  T E M P E R A T U R E :  
LIQUID T H E R M A L  CONDUCTIVITY:  
H E A T  O F  LIQUID V A P O R  V A P O R  LlQUlD V A P O R  LWUID SURFACE 
T E M P E R A T U R E  V A P O R I Z A T I O N  DENSIJY D E N S I T Y  P R E S S U R E  V~SCOS~TY VISCOSITY 
TENSION 
BTU/LB LB h~ LB/FT~ P S l A  C E N T l P O l S E  C E N T l P O l S E  DYNE / CM - 
7 
F 
553 40,4 0.17  48.2 0 . 1 6 1  0 . 0 0 9  26 20 
5 35 39.5 0 .28  73,3 0 . 1 4 0  0 .009  24 40 
60 520 38,5 0 .36  107.6 0 . 1 2  0 .0096  22 
- - 
TABULATED VALUES OF FLUID PROPERTIES 
FLU ID : 
MELTING POINT: 
Water 
32 OF 
O 
BOILING POINT: 212 OF 
CRIT~CAL PRESSURE pC: 3211 p s i a  
CR~TICAL TEMPERATURE : 705.6 OF 
0 
LIQUID THERMAL CONDUCTIVITY: 0 . 3  9 Btu/Hr-f t- F 
HEAT O F  LIQUID VA PO R VAPOR LlQU ID VAPOR LWU ID SU WFWCE 
TEMP5 RATU RE VAPORIZATION DENS I%\/ DENSITY PRESSURE VISCOSITY VISCOSITY TENS ION 
- 
F BTU/LB LB /FT LB/FT~ P S  IA CENTlPOlSE CENTIPOISE DYNE /CM 
DATA SOURCES 
----- 
1, I ~ n g e ,  N, A,, (1956) , 
2. Hodgman, C . D , 44th Ed. 
(1962). 
3, Timmermans, J . ,  
, (1950). 
4. Perry, R. He, (1963). 
5. Weast, R. C.¶ 45th Ed., 
(1964). 
6. Maxwell, J. B e ,  (1950). 
ABPENDH B 
BUYTON CYCLE SPACE POWER SYSTEM 
ATMOSPHERIC EN&IIPtOmENTI?i% SPECIFICATION 
(SPECIFICATION NO. P1224-2, JANUARY 31, 1967) 
SCOPE 
This  s p e c i f i c a t i o n  l i s t s  t h e  an t i c ipa t ed  atmospheric environmental 
condi t ions  t o  which t he  Brayton Cycle Space Power System and components 
s h a l l  be designed t o  withstand without  malfunct ion o r  performance de- 
grada t ion .  
This  s p e c i f i c a t i o n  does no t  cover development and/or  acceptance t e s t s .  
S t r u c t u r a l  load environments (shock, v i b r a t i o n ,  a c c e l e r a t i o n ,  e t c . )  a r e  
covered i n  NASA S p e c i f i c a t i o n  P1224-1. 
Environments 
Environmental cond i t i ons  spec i f i ed  a r e  app l i cab l e  t o  each of t he  com- 
ponents and t he  complete space power system through manufacture, s to rage ,  
t r anspo r t a t i on ,  pre-launch l i f t - o f f ,  and boost .  
Environmental Condit ions 
The Brayton Cycle Space Power System and components s h a l l  be shipped 
and s tored  i n  s u i t a b l e  con t a ine r s  designed t o  e l im ina t e  o r  m i t i g a t e  t he  
e f f e c t s  of environmental cond i t i ons  a s  descr ibed he re in .  
The system and the  components packaging and s to r age  condi t ions  s h a l l  
provide p ro t ec t i on  from r a i n ,  humidity, sand, dus t  and s a l t  spray.  
The system and t he  components i n  t h e i r  con t a ine r s  s h a l l  be capable of 
s to rage  f o r  a  per iod of two years  without  d e t e r i o r a t i o n .  
During s torage  and t r anspo r t a t i on ,  the  system and components will be 
pro tec ted  by t he  con t a ine r  from the ambient temperature environment 
and the  changes i n  t h i s  thermal environment. 
During  t h e  s to rage  and t r a n s p o r t a t i o n  phase, t h e  i t e m s  ( i f  the  con ta ine r  
i s  not  pressur ized)  w i l l  be subjected t o  p ressures  f r o m  sea  l e v e l  t o  a 
m a x i m u n l  a l c icude  of 50,000 f e e t ,  The max imum change i n  pressure  t o  which 
the  i tems w i l l  be subjected i s  a  reduc t ion  o r  increase  i n  pressure  of 1 .25  
p s i  per minute. This w i l l  occur i n  e i t h e r  a  climb t o  50,000 f e e t  o r  a  
descent  from 50,000 f e e t .  
The system and components s h a l l  be adequately protected from fungi  and 
b a c t e r i a  growth a s  experienced a t  the  A t l a n t i c  M i s s i l e  Range. (Reference 
NASA TM X-53023, Sect ion XL) 
The components s h a l l  be designed and f a b r i c a t e d  t o  wi ths tand o r  r e s i s t  
fungus growth a s  s p e c i f i e d  i n  MIL-STD-810 A (USAF), Method 508.1. 
During handl ing and v e h i c l e  i n t e g r a t i o n ,  i t  can be a n t i c i p a t e d  t h a t  t h e  
components and complete system may be exposed t o  atmospheric and weather 
environments f o r  maximum per iods  of s i x  weeks. The n a t u r a l  environmental 
extremes f o r  the  A t l a n t i c  Miss i l e  Range a r e  spec i f i ed  i n  NASA TM X-53023. 
3 .1 .1 .  Rain: 
The following t a b l e  g ives  t h e  expected extreme r a i n f a l l  r a t e s  a t  ground 
l e v e l  based on a  r e t u r n  period of 10 years  f o r  the  A t l a n t i c  M i s s i l e  Range, 
P a c i f i c  Miss i l e  Range and West Coast t r a n s p o r t a t i o n .  
- - - -- - -. - ----- -- --- 
1 Minute 1 Hour 24 Hours 
T o t a l  Amount (mm.) 
( i n . )  
Rate (mm./hr.) 46 0  
( i n . / h r  .) 18 
Average Drop Diameter (mm.) 3.8 2.6 2  .o 
Peak Wind Speed (m/sec .) 2 0  2  0  2 0  
The system and coiiiporxents shaI.1 be d e s i g n e d  and f a b r i c a t e d  t o  w i t h s t a n d  
s i m u l a t e d  h u m i d i t y  c y c l e  of 24 hour s  w i t h  a  s t e a d y - s t a t e  w i n d  of l e s s  
t han  5 m/see,  ( 9 , 7  kno t s )  a s  fo l lows :  
a .  S i x  (6)  hours  of 37.2Oc (99 '~ )  a i r  temperature a t  50 e r c e n t  
r e l a t i v e  humidity and vapor c o n c e n t r a t i o n  of 26.9 g/mq (11.7 
g r I f t 3 )  ; 
b. S ix  (6) hours  of decreas ing a i r  temperature t o  24.4OC (76OF) 
wi th  r e l a t i v e  humidity i n c r e a s i n g  t o  100 percent ( s a t u r a t i o n )  ; 
c ,  Eight  (8)  hours  of decreas ing a i r  temperature t o  21.1°c ( 7 o 0 ~ ) ,  
w i t h  a  r e l e a s e  of 3.9 grams of wa te r  a s  f l u i d  per  cubic meter 
of a i r  (1 .7  g r / f t 3 ) ,  humidity remaining a t  100 percent ;  
d .  Four (4)  hours  of inc reas ing  a i r  temperature t o  37.2Oc (99 '~ )  
and a  decrease  t o  41  percent  r e l a t i v e  humidity.  
The preceding schedule of temperature and humidity s imula tes  the  
cond i t ions  encountered a t  t h e  A t l a n t i c  Miss i l e  Range. 
3 .1 .3 .  Sand and Dust 
The system and components s h a l l  be  designed and f a b r i c a t e d  t o  wi ths tand 
the  t e s t s  s p e c i f i e d  i n  MIL-STD-810A (USAF) , Method 510.1 w i t h  t h e  ex- 
c e p t i o n  t h a t  t h e  t e s t  w i l l  be conducted a t  a  temperature of 90° + 2 0 O ~  
ins tead  of  160°F. 
- 
The system and components s h a l l  be adequate ly  protected from fung i  
and b a c t e r i a  growth a s  experienced a t  the  A t l a n t i c  Miss i l e  Range. 
(Reference NASA TM X-53023, Sec t ion  XI.) 
The components s h a l l  be designed and f a b r i c a t e d  t o  wi ths tand o r  r e s i s t  
fungus growth a s  s p e c i f i e d  i n  MIL-STD 810 A (USAF) , Method 508.1. 
The components and system s h a l l  be capable of  wi ths tanding s a l t  spray 
a s  experienced a t  the c o a s t a l  regions  of the  c o n t i n e n t a l  United S t a t e s  
f o r  pe r iods  up t o  s ix  (6) weeks. The components s h a l l  be capable  t o  
wi ths tand t h e  environment s p e c i f i e d  i n  MIL-STD-810A (USAF), Method 
509.1. 
'Slre system and components s h a l l  wi ths tand the su r face  a i r  temperature 
extremes,  sky r a d i a t i o n  temperature and so l a r  r a d i a t i c n  as s p e c i f i e d  
fo r  the  Atlantic Mtssile Range i n  NASA TM X-53023, Sec t ion  911, Temper-  
ature, 
The system and components s h a l l  withstand the surface wind speed en- 
velope (99 percent i le )  fo r  the Atlant ic  Missile Range a s  specif ied in  
NASA TM X-53023, Table 5.4B. 
Shock and Vibration 
The techniques used i n  handling the system and components s h a l l  be such 
t h a t  the shock and v ib ra t ion  imposed w i l l  not exceed t h a t  experienced 
during t ranspor ta t ion  and launch. 
'The aeronautical and space activities of the united States shald be 
conducted JO as to contribute . . . to the expansion of ha~izan knowl- 
edge of pheno~i~ena in the atn~osphere and space. The Adnzinistuation 
shall provide for the widest practicable and appropriate dissenzination 
of infor~ration concerning its actkitiies and the resrlts thereof." 
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